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Because it furnishes an example of the use of a large-scale 
digital computer in a control application of great current importance, 
this th^ais report, which has had only limited distribution, is 
being issued as a Digital Computer Laboratory R-series report. 

Grateful acknowledgement is made of the assistance of W« Gordon 
Welchman, formerly of the Division of Industrial Cooperation at 
the Massachusetts Institute of Technology, who carefully read the 
draft of this thesis and offered ntmerous valuable suggestions for 
its improvement. The cooperation of Professor William K, Linvill, 
thesis supervisor, is also noted and appreciated. 

The task of writing this thesis was greatly simplified by the 
patient aid of the personnel of the Boston Air Route Traffic Control 
Center. 



AUTHOR'S INTRODUCTION TO 1966 REPRINT 

This reprint, made almost five years after original submission of 
the thesis, is occasioned by the current revival of interest in expand- 
ing and improving our air traffic control system. In 1951, digital 
computers were first becoming available for practical use, and the 
possibility of their application to air traffic control was highly 
speculative*! today the use of such equipment in a new system of 
air traffic control seems to be an accepted fact and major questions 
now relate chiefly to how soon and how much* 

Considerable progress has been made in the past five years in 
the design and construction of digital computers, and extensive 
study and experimentation has been carried out in the use of such 
machines in real-time control systems. Specifically, the following 
developments are significant and should be kept in mind while reading 
this documents 

a) improvements in computer storage systems, principally those of 
magnetic cores anddriams, now make large, high-speed memories 
possible at relatively low costs. Econongr of computer storage 
need not be a principal factor in the design of computer 
pi-ograms for air traffic control 

b) significant advances have been made in in-out systenfeand 
techniques for transmitting data to and from conrputers 

c) t^e concept of semi-automatic systems using both men and 
ps^ines has developed significantly. Techniques by which the 
men and machines can communicate directly are many-fold and 
include intervention sw itches; displays using cathode ray tubes* 

*This, to a large extent, accounts for the inclusion of Chapter III which 
was intended to present the fundamental notions of a computer and how it 
could be used for nonrmathematical problems. 



iii 

c) continued. 

Charactrons, or similar devices; alarms; digital indicators; 
high-speed printers, etCp 

d) computer reliability is continually being improved, and the 
use of duplexed or dual computer installations offers a 
satisfactory solution for system operation on a continuous 
basis. 

These and other developments, together with those in the fields of 
communication and navigation, significantly affect much of what is 
contained in this reports previous estimates need revision; many 
former problems have disappeared; previous possibilities and spec- 
ulations (see Chapter X) now seem to be realities, and new and 
exciting possibilities have ariseno Nevertheless p a large majority 
of the original ideas are valid, and the author hopes that this 
report, now largely historical, may serve as a useful background 
and as one of the several starting points for the large effort of 
system design and development which yet lies ahead. 

% thanks is extended to the following pedple who have materially 
assisted in the preparation of this document for republications 

Anne Catalano Frances Lapham . 
Barbara Higgins Eleanor Lyon 




D, R. ISRAEL 
16 my 1956 
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ABSTRACT 

THE APPLICATION OP A HIGH-SPEED DIGITAL COMPUTER 
TO THE PRESENT -DAI AIR TRAFFIC CONTROL SYSTEM 

by 

DAVID ROBINSON ISRAEL 

Submitted for' the degree of Master of Science 

in the 
Department of Electrical Engineerinjj 
on May 29, 1951 



The general ptirpose of this thesis has been to consider how 
a hi^h-speed digital computer might be used in the mechanizatio|i of the 
present system of air traffic control, without any essential changes in 
the philosophy of the system or in the methods of navigation and com- 
munication. The study has beeA made in particular reference to the 
Whirlwind Computer, a digital machihe presently in operation at the 
Massachusetts Institute of Technology* 

Attention has been focused chiefly upon the en-route phases 
of traffic control, inasmuch as it is this part of the present system 
which appears to be most amenable to mechanization. The general 
approach taken is that the most satisfactory results and most efficient 
system will be achieved through careful use of the capabilities of both 
the human operators and the computer. 

The main part of the study is concerned with the standardiz- 
ations in the present procedures that are necessary for efficient compu- 
ter mechanization, and with the construction of flow diagrams for the 
fulfillment of the necessary traffic control functions. The prol^Jlem of 
data storage within the computer is discussed in detail, and the thesis 
contains a brief outline of the system of comwanication necessary for 
transmitting data to and receiving data from the computer. Certain re- 
marks of a general nature are made in the last chi^ter as an indication 
of the possible improvements which could be made in the present system 
through the use of a computer. 
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CHAFf EB I 

Introduction 

A* Backgroxaad of fla^sis 

The past decade has seen rapid advances in the realization of 
amtomatic Mgh-speed computation^ and at the present time a nnmher of 
fmlly-amtoiaatie digital coBoypiat'ing raa chines are in operation or ■ in the 
latter stages of eonstrmetlonol. The basic ability of these uja chines is 
the antomatie sequential perforraanee of elementary arithmetic, and logjLcal 
operations* The ajiplication of machine® with these capabilities to, the 
meehanizatioa of tHe exteasiTe computations arising in connection „vith cer- 
tain mathematical jiroblems is not only possible but is highly desir#ble, 
and already the prdffifess llong these lines has been such as tto 'permlt fur- 
ther exploration and .research into, previously 4naeeessi"b^e regions of, both 
pire and applied science « The use of th^se new machines as the central or 
directing elements in com|)lex physical sittiations is similarly possible 
and desirable 5 and in. such applications these machines offer jgpeat promise 
la permitting humans to more fully exploit and utilize recent advances in 
technology and seiemse*, 

The author's first interest in the use of a computing machine 
fGO-^ air traf f ic contTOl ,iai'W@ in 19^9 as a result of .his emplopaenfe? at the 

Servomeehanisms liib'oratory of the' 'Massachusetts Institute of Technology. 

At that time the Labeiratory: was completing construction of the hi^ -speed 
Whirlwind eompute*" aad a project was initiated to study the possible ap- 
plication of computers to* future air traffic control systems,^'" 

This stuG^ project^ sponsored by the Air Force, was -concerned 
primarily with the^tse of^'.a,. computer in a future system of trpf fie con- 
trol radically difr^nt ixsm that ?^hich is presently in use,' Suc?|'.*s . 
system, it was planSi^, ir|%Ld employ radar devices as well as, imprQved 
navigation and^i eomsa&aieation equipment in an attempt to handle hl^^ traf- 
fic densities and permit high landing rates » Inasmuch as this 'Wba^k was 
coBcemed with the u®e ©f "Mie computer in a system which itself, had BOt 
been formulated, some thought was given to how the computer could be used 



I. The difference between digital and analog machines is explerlned «a pg, 

2©o 



The reports ©f this project— Project 6673 of the Mvision of Indus- 
trial eooperation of the Massachusetts Institute of TechiiologsF— a.re 
available at the Iroject Whirlwind Library at M»I,T. Foy the most 

part, the literature ®f the project is classified as 1ES|?EIC!TEB. 
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la the existing system of control^ and it was decided that such an appli- 
cation ©f the computer would be undertaken and investigated as a thesis 

topic o 

Shortly before embarking upon the study described h.ere44, the 
author prepared a seminar report on air traffic control as a part of the 
degree requirements at the Massachusetts Institute of Technology,-^ This 
seminar reviewed the past history, the present problems, and the possible 
future developments of air traffic Control in the United States, In the 
course of the preparation of that report, it became evident that this 
thesis would represent a. part of an attack on a problem of ciirrent im- 
portance as well as being an illustration of the application of a com- 
putoFo As shall be mentioned later in this chapter, the results of the 
work indicate that the application is feasible and merits further and 
more detailed consideration as a solution to the probleme 

B« The Air Traffic Control Problem 

lo History 

Improvements in the reliability of aircraft as well as new deve- 
lopments and improvements in communication and navigation equipment paved 
the way for a tremendous expansion of civil and commercial aviation in the 
decade prior to the second World War^ The resultant increase in aircraft 
flights during this period necessitated the organization and control of 
this traffic both at the airports and while aircraft were en-route between 
airports o The need first arose at airports --> the focal points of air 
traffic -=- where it was desirable to have coordinated control over the 
many aircraft taxiing on the groimd or flying in the vicinity o During the 
1930 *s and through 1940 this type of control was provided exclusively by 
means of control towers operated by private organizations and various 
municipalities* 

By 1933 it had become evident that some form of coordinated 

traffic control was needed for aircraft en-route in flights between cities* 
As a means of satisfying this need several airlines established a system 
of exchanging reports on the positions, altitudes, and speeds of their air- 
craft. During 1935 and 1936 a number of airlines banded together. to es- 
tablish an experimental traffic control center at Newark, New Jersey, 
Late in 1936 the Federal Government assumed control of the three then ex- 
isting centers and established additional centers. By 1941 a total of 
12 traffic control centers were in operation with control extending over 
20^000 miles of airways „ 



lo Reference !» (Reference numbers in the footnotes refer to numbered 
items in the Bibliography)^ 
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DorlBg 19^1 a great expansion of air traffic resulted from mil- 
itary preparatioas aad large numbers of military. aircraft were ■ ope3?atiag 

faf0m eiYilian fields o As a means of estaTslisking a unified coatrol of 
mi£ traffic^ the goversmeat -was authoris^ed to maintain and operate traffic 
eomtrol towers at major airports. The number of control towers and control 

cemters grew very rapidly during and after the. war, until hy 195© a 
.t@tal of 17© Airport Traffic Control Towers and 3© Air Boute Traffic Ccm- 

tafol Centers were in active operation***- 

I 
2o Present State, of A ffairs 

A general description of the present-day system of traffic eom- 
trol is given in Chapter H^ and more detailed.-. aspects of. the system are 
described in, following chapters » It should -he understood that the pre- 
sent system does not represent a . recently-devised effort at. creating a 
^tisfaetory means of control for currently existing conditions;- the pres"-, 
emt system is the culmination of a numher of modifications and improve - 
m®mts which have "been made la an effort to keep pace with the fy<@®pess 
in aircraft and air traffic o This pre.sent system is .sati8fact:ory to the 
^^Efcemt that ±s provides a workahle and "safe syjstem of control; however, 
certain limitations of the system are quite e-fldent in the light of the 
eacperience of the past five years and the expectations f or th^' future. 



At the present time commercial airlines carry some 15,000,000 
passengers per year , this figure representing 505& of the total first- 
-lass pas@ei3ger' travel im the United States.^ ; A further increase in this 
p.er©entage seems ^mite likely inasmuch as "both.,., the fares and safety re- 

e,,.©ras of the airlines are fast approaching and in some cases have al- 
reidy passed the corresponding figures for first-class rail and ship 
transportation » The experience of the piist few years has clearly in- 
dicated the potentialities of low-fare ;air-eoach seifvice, while the field 
^ air frei^t tramsportaticaa, relatively undeveloped "before the war ex--^ 
igept for a limited amount of air rat 11 sfsrvice,.,,. now seems capable of con- 
sldex^hle growths 

Despite the rather optimistic.. picture of po.ssi"tele expansion, 
the progres.s ©f cciamercial aviation is being retarded by a lack of de- 
pendable and reliable service ^ It is obvious that air travel will not 
reach its true position as a means of transportation until people are 
reasonably certalm that they can arrive and depart ©n time* Similar 
remarks apply to freight and cargo movements where the advantages of high 
speeds ©re fmiekly nullified by cancellations or delays. Although com- 
plete figiares on delays and cancellations in all types of weather are not^'- 



lo lef erenee 2 
2o Reference 3 
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aTailable^ it is interesting, to note the figures for a representative aii*- 
line operating in and out of New York City, During the relatively fair- 
weather month of June^ 1947 ^ ^9% of the arriving aircraft of this airliii© 
were late^ while 40^ were over one hour late. Of the departing aircraft 
hl% were latej, with 16^ being delayed over an hour. 

The air traffic control problem has econondc implications, 

and is a contributing factor in creating losses in revenue. Typical fig- 
ures resulting from a study of active and potential revenue losses of air- 
lines in 194^ showed the following items s: 

a) Cancellations due to weather I 6^,200,000 

b) Low Ipad factor resulting from 
unreliability 12,200,000 . 

©) Congestion at 13 stations at 

which studies were made 21<»100a00€) 

♦39,50G,OOt^ 

The losses to private operations, milita,ry operations, and non-scheduled 
services as- well as losses at airports at which studies were not made 
are not included in these totals^ Although some impjrovement' in reduction 
of delays and congestion has been made in the past few years, the situat- 
ion is still far from satisfactory « ■ .. 

The need for an improvement in air traffic control does 

not result solely from the problems of civil or conmercsial aviationi 
considerations of national, defense and security require that the control 
system be capable of meeting certain military requirements. In the event 
©f a national emergency the United States will quite likely becoiae in 
active air-'supply area and both civil and military aircraft will be used 
to transport large quantities of men and supplies© The success of the 
Berlin Airlift-^ and present operations in Korea emphasizes the practical- 
ity and advantages of large-scale air supply operations <► Future operat- 
ions of this nature may be expected to increase to very large numbers of 
slircraft and it is essential that the traffic control system be geared 
to handle an increased level of activity,, 

The present traffic control system was not designed to 
handle the type of aircraft now in use or which will shortly be coming 
into use I this system was best suited for the years from 1936 to 1940, 
the era of the 00-3 's, a non-pressurized aircraft with an airspeed of 
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aboMt 150 to 180 mph. At the present time there are abomt 100,000 pri- 
vate aircraft and about 7^000 Gomrasrcial aircraft (1,000 scheduled, 
6|,OO0 non-scheduled) in operation. These aircraft range from an ex- 
treme of a one=passenger capacity and a cruising speed of around 100 mph 
to larger commercial aircraft with capacities close to 100 and speeds 
between 250 and 325 mph,, The smaller aircraft with noR?*pris»'!^0e'4zed cabins 
are limited to altitudes below 10,000 feet, while with cabin press^iza- 
tion it is possible for newer aircraft to cruise as high as 20,000 to 
3O5OOO feet. The aircraft are all powered with propellers and conven- 
tional piston-type engines,, 

Present developments and future plans point to jet-propelled 
aircraft. Although jet aircraft are already in extensive use by the 
military, there has as yet been relatively little developsaent along com- 
mercial lines in the United States, The principal work on jet aircraft 
for commercial use has been done by the British and Canadians, and each 
country has already flown models which may be in active passenger oper- 
ation in the near future,^ Considerable speculation has been advanced 
concerning future jet aircraft, and this coupled with what is already 
known about their operating principles indicates that these aircraft 
will fly at altitudes between 20,000 and 50,000 feet, will cruise at 
speeds between 300 and 60G mph, and that high fuel consumption uader cer- 
tain conditions will require maximum flying time at high altitudes with 
a minimum of delays afc low altitudes,^ The necessity for high speeds and 
a minimum of delays especially at low altitudes make for stringent re- 
quirements as regards air traffic control, and create conditions which 
the present-day system can barely cope with. Fortunately the military 
services presently restrict their jet operations as much as possible to 
fair-weather conditions. Such restrictions could not be tolerated with 
commercial jet aircraft which could fly above the en-route weather only 
to have their operations restricted due to poor weather and congestion 
at the airport So 

The basic elements of an air traffic control system are four- 

a) navigational aids 

b) ccraoaunications facilities 

c) a carefully-organized plan for supervising the traffic 

d) a supervisory or controlling element for implementing 
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of these elements is capable of satisfactorily accommodating a cer- 
tain limited amomit of traffic | the capacity of the composite system, how- 
ever^ is limited by that element vdth the smallest capacity, A short dis- 
cmssion of the limitations and capacity of these elements is given at th« 
end of Chapter II » As noted in that chapter, studies have shown that one 
of the limiting factors in the operation of the current system with regard 
to en-route flights is the supervisory or control element 5 -^ the basic 
consideration is of the speed and reliability with which hiaman controllers 
can perform certain basic, albeit simple, data-handling functions. 



capacities of the above-listed elements are not completely 
independent of each other, and certainly with modifications and improve- 
ments in other parts of the system it would be pdssible to decrease the 
work of the controlling element, thereby improving the system capacity. 
This, in essence, is the underlying philosophy governing the efforts 
presently being made to synthesize a new and better system of control. 
To this end a good deal of effort has been put into improving or develop- 
ing new navigation and communication equipaent as well as into organizing 
the traffic in suck a way as to ease the burden on the human controllers. 

Although the navigational aids, communications facilities, and 
traffic plan each have definite limitations, it is fairly clear that def- 
inite improvements in present system operation and capacity would result 
if a controlling element of a larger capacity were utilized. This control- 
ling element might be totally or in part a high-speed computing machine 
such as Whirlwind, and the general piirpose of this thesis is that of de- 
termining how and where such a computing machine might fit into the frame- 
work of the present systemo In so far as is possible, this study con- 
siders the utilization of the computer in performing the necessary control 
functions, all other elements of the system remaining unchanged. 

To the author's best knowledge, this thesis represents the first 
consideration of the use of automatic machinery for performing most, if 
not all, of the duties presently performed by the controllers. There has 
been one notable attempt in the past to decrease the general burden of the 
work of the controllers by the use of automatic machinery, this being made 
in 1940 at the control center in Washington, D, C, In an attempt to re- 
lieve human controllers of the routine data-handling chores and permit 
them to fully concentrate on the traffic situation, an electromechanical 
posting system was installed in the control center | data was automatical- 
ly displayed and sequenced on boards similar to those used for the tabu- 
lation of stock quotations, aid use was made of a teletype-like system for 
the internal' handling and transmission of information,'^ The equipment 
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•«ms mja^eliable and was taken oat of service ^^t "before the Tmr/ and no 
ftirtlier attempts at obtaining satisfactory operation have been made. On 
a ®ach smaller scale, ef^mipment has been designed and is presently in use 
as an aid to htaman controllers in the handling of data in connection with 
aircraft landing at Iia0mardia Airport in New Jaark. City..^ 

©o Th$ goarptater 

The development and mtilizatlon of high-speed eomp^ing mach- 
ines has been so rapid and of such recent datia that only a limited nuniber 
of people are acgualnted with the principles of their use and operation. 
These !|ia chines will be used in very widely different fields of work; in- 
deed, one of the major problems in effectively utilizing these machines 
is in bridging the gap between two groins s those who are intimately ac- 
quainted with the machines and their operation, and those who desire to 
use these machines for a particular purpose, but who are unfaWiliar with? 
their abilities and usage ,» As a means of bridging this gap. Chapter IH 
of this thesis has been written with the express purpose of- e^laining 
the basic ideas behind the use ©f a computing machine. That <^pter 
places special emphasis upon the use ©f a digital cO!ii|»uting mi chine in a 
control application, and devotes seve3?al pages to a descripticin of the 
Whirlwind Computer which is used as a prototype, in this study. The sim- 
ilarity between most existing or planned computers is so great that there 
is' little' restriction in scope introduced by a specific study im relation 
t© the Whirlwind €(Mputerj it is also convenient and valuable to study 
the problem with regard to the characteristics and capabilities of a. pre- 
sently-existing machine. A computer designed specif ieai;Ly for handling 
the air traffic control problem wonil4.,.npt need the flexibilit;^ Mthlda. ex- 
Ists in Whirlwind j however, the design of a special -purpose machine for 
this purpose would Initially require a study such as ip begun here in 
order to determine its necessary characteristics. 

Although this thesis makes usf of the characteristics of an ex- 
isting and operating computer^S ^^ shouXd be .^ understood that this study 
is academic t© the extent that n© computer presently e^cists which could. 
be used for this purpose, nor is it likely that the necessary machine " 

could be built and successfully put intf ©peration wit|iin.tW0 to five 
years o To a great extent, this situatl^i exists beeai^e of the problem 
of ©btalming eontlnuous error -free opertitlon €£ a high-speed computing 
machine.. The reliability of eleetrcnie equipment has feem greatly im-- 
proved as a result of the Introduction' #p neW" techni€[ui?s,3 nevertheless 
the reliability is obtained only at the expense of re^Q^r periods of 



. i7" lef erence 1^ 

2. Hote-s To a large extent the results of using ^^hese characteristics" 

are not in bold evidence | they are implied in the general 
manner in ifelch the problem is handled #nd in the methods 

used to perform certain fmctions. , ' 

3. Hef erence 15 
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H^intesiasiitee and di.ee1s;iia^«, Ife chines presently being, constructed have not 
'beem. designed with the intent of continuoms operation for long periods of 
time; the accent has heen placed to a greater extent mpon satisfactory- 
error -free operation for shorter periods of time, sacrificing for this end 
a eontinmity of operation o This, however, is brnt a. current sittaation 
■which reflects the relative infancy of the computing machine, and it can 
be expected that improvements in electronic components and techniques 
¥iLl shortly permit the construction of cOfputing machines capable of the 
continuous error -free operation necessary for the proposed application • 

Lest it seem that the necessary improvements and technical ad- 
vances make the use of a computer for air traffic control only a thing of 

the fKSiure, it should be noted that at the present time the work of con- 
trollers at traffic control centers and towers, virtually ceases during the 
early morming hours <> In the place of a fully-automatic system,' one might 
eompouad, a semi-automatic system in which the human, controllers would sup- 
ervise traffic during the early morning hours while the computer underwent 
eheekijjg and maintenance » The main body of this thesis hypothesizes the 
.availBbility ©fa continuous error-free computer; some discussion, is made 
in th®. nerb section concerning the coordination between a human supervisor 
and the computing maehlme» 

.Do Extent of the Wse of the eom^mter 

tne ©f the first questions which must be answered in, appraising 

the application of a coa^mter- to the present-day traffic control' system 
ii that dealing with the extent to which' the eosaputer will perf oBPm the 
work ©f the huram controllers « ©n one hand lies the possibility of com- 
pletely replacing the hua®n controllers by a .eoi^ut^?, on the other is the 
possibility of utilizing the computer only as an aid t© the. human controller, 

In dealing with this fundamental cfuestion perhaps' it is best to 
first enumerate several important considerations dealing with each of the 
two elements — the human controller and the eoi^uter* As shall be point- 
ed out im Chapter III^ the computer is a relatively 'fast machine quite 
capable, of handling and processing large amossnts of data in .short periods 
©f tiffle.o The computer cam easily perform simple arithmetic operations and 
can make certain decisions for which it has been previously instructed* 
The co?Bi>uter has a memory of a limited size, but this memory is an eff ic- 
.ient one and information can be completely committed- to memory or recalled. 
therefrom in a uniformly short time^ The human is not eminently suited 
for .rapid and yet accu3?ate operation upon large amounts of data, and great 
redmetions in his operating speed are necessary t© produce extreme,ly re- 
liable results » ,The outstanding characteristic of the human eontroULer 
is his versatility, ability t© make decisions, and ability to improvise 
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in handling an unforseen situationo The human has a relatively large 
memory^ yet adequate short-term retention of information usually requires 

the use of additional aids such as pencil and paper* 

A most desirable state of affairs would be that in which every 
situation arising in air traffic control could be immediately handled by 
a specified standard procedure « Unfortunately this is not the state of 
affairs at the present timei as is pointed out below^the standardization 
of the present system is far from complete and it is often necessary for 
a controller to improvise or follow other than specified procedures. 
Nevertheless^ if there exists a method by which a humaa controller can 
reach a decision as to what action is necessary in a particular situation, 
it is possible for the machine to reach the same conclusion. That is to 
say^ the computer can reach the same degree of versatility as the humaa 
controller if the added costs and expense are deemed desirable. To this 
end^ the question of using the computer for all the traffic control fua«> 

tioas is somewhat of an economic one^ and the degree of mechanizatio» 
mmst be balanced against the cost and desirability of this mechanizatioa. 
Thus the computer offers , an- opportunity for a completely automatic sys- 
tem with increased capacity^ but probably with less flexibility and with 
certain problems of reliability « 

Realizing that the computer and the human each have definite 
contributions to off er^, there exists the possibility of a joint manual- 
automatic system. Such a system could utilize the computer for certain 
standard routine jobs^ employing the human for special deeision-makiBg 
functions; both the computer and the human might perform certain checks 
on each other's work<, The control of aircraft at and in the vicinity of 
airports has peculiarities common to the individual airports and is un- 
doubtedly more suited under present conditions for human supervision; 
the decision as to how to create changes in the scheduies of a number of 
aircraft when a future conflict must be averted is a situation which caa 
be satisfactorily handled^ in its present limited state of complexity, 
by human controllers*, 

The question of the advisability of completely automatic con- 
trol by machinery is one which will plague engineers for many years in 
the future^ and this author does not see any clear-^cut decision which can 
be reached in the ; particular application studied. For this -reason, after 
considerable thought and investigation it was decided to restrict the 
consideration of the use of the computer solely to the control of air- 
craft en°»route between airports^ assuming that the control of a!ircraft 
at and around the airports would remain in the hands of the human oper- 
ators. This decision is justified in Chapter ?II wherein' a statement 
of the functions of the computer and hianan controllers in. this situation 
is made. Within the function of en^-route traffic control, this, thesis 
formulates plans for and discusses how the computer woiild carry out the 
necessary traffic control ©peratioaso It is asstmied that in certaia- 
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situations p to be defined in succeeding chapters j, the computer vdll present 
the situation to a human operator for guidance and instruction* ■ It is al- 
so assumed that a human controller will be able to insert any desired in- 
formation or instructions into the computor as well as being able to se- 
cure and inspect information stored and used bgr the machine,, 

One of the most difficult tasks in this study has been the 
assimilation and sorting out of the various rulesp regulations and prac- 
tices governing the operation of the traffic control system* There is 
extremely little comprehensive literature on the subject^ and for the most 
part that which does exist merely enumerates certain fundamental., regula- 
tions and procedure So 

The present ^stem is hardly what one woiM call completely 
standardized D aad to a great degree the operation of the system is based 
on the choice of individual controllers o Presented with a given situa- 
tioHi, it would not be unusual for five controllers to each have a differ- 
ent method by which he would handle it<, Even within the standardization 
which exists^ there are certain situations which must be met and handled 
as the occasion necessitates „ An example is the fact that controllers 
hesitate to use certain procedures with civil and military traffic in- 
asmuch as the training^ experience'^ and proficiency of these pilots may 
be less than 'that 'of coMmercial airline pilots,, 

The lack of rigidity in standardization is^ of*'co«*se, quite 
the antithesis of the requirements of an automatic computer <, l*6r this 
reasoned one of the major tasks of this study has been the r^achin^ of 
satisfactory comprcMises in the various methods now used. In so far as 
is known^ these compromises^ choices^ and standardizations are sufficient- - 
ly in accordance with current practice as not to render the end result 
unrealistic o 

Within the framework of the overall regulations there exists the 
individual characteristics and geography of the zone under control* In 
planning for use of the computer^ no attempt has been made to utilize any 
specific geometry of airports and airways | such a step might have eased 
several problems but would not have rendered the results general* As 
presented^ the thesis is perfectly general in this respect 5, and can be 
applied to any particular area* 

! 

Eo Discussion^ of' Results 

A complete investigation of the application of a computer to a 
physical control system has two essential phases? in the first phase the 
system must be carefully analysed and. the general, met hods of attack formm- ; 
lated| in the second phase the results of the first are used in the pre- 
paration of the detailed program ©f actioM for the computero As is dis- 
cussed in Chapter IIIp the first phase of such a study generally results 
in the formulation, of flow." dia^ams indicating the program of actioa, 

lo References 1^^ 17^ and 19 
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while the second phase --the more J^omtine task of translating this plan 
into computer language — results in a coded program ready for us© vdth 
the computer o The first phase ^ by the nature of its function, not only 
requires a complete knowledge of the physical system and its operation, 
but necessitates a careful understanding and consideration of the abil- 
ities of the computer as a means of obtaining a judicious merger of it 
with the system,, 

The results of this thesis are limited to the first phase men- 
tioned aboveo A study has been made of the present air traffic 'control ' 
systemi the rules ^ regulations^ and practices of this system have been 
analysed in an attempt to provide a basis for planning | and the general 
planning and organization has been carried out<, the results of this work 
are contained in the discussions of Chapter II through X and in the flow 
diagrams presented therein* 

In an attempt to obtain a clear understanding of the organization 
and operation of the present system of control, the author has studied all 
of the available literature of the Civil Aeronautics Administr a tioi^, 
and hag spent approximately 50 hours at the traffic control center in 
Boston talking to the personnel and observing the system in operatibno In 
view of the extreme complexity of the present system,-^ the author does 
not claim to have a complete knowledge of its operation in all its att en- 
dent details It is felt, however, that the information obtained is 
sufficient for the purposes at hand, i<,eo, a general stiady of the proble©. 
Flow diagrams for all of the necessary computer functions have not been 
made, and those which have been made are far from being complete or tot- 
ally inclusive of all details and considerations. Despite this fact, the 
flow diagrams appear to be sufficient to indicate the magnitude of the 
task and to permit certain obsei^ations to be made concerning the pro- 
posed applicatiose 

Inasmuch as the second phase mentioned above has not been 
carried out and the flow diagrams have not been translated into computer 
programs, it is impossible to state what the exact requirements for the 
necessary computer would be* It is possible to state, however, that the 
present air traffic control system is in a realistic sense susceptible 
for mechanization by a digital computer and that the application is fea- 
sible from that point of view,, Based on only a limited amount of ex- 
perience in the field, it is the opinion of the author that computers of 
the ultimate speed of Whirlwind (20 |<feecond per operation^) and perh)3.ps 
triple its design capacity of 204S sixteen-binary-digit storage regis- 
ter s^ would meet the requirements imposed by the applicationo 



it is felt that the use of a computer in the present 

system of control would be feasible! it is also felt that a mxch better 

lo The "current estimate for the 'training of center controllii's.-.is 2 ye.ars# 

2oand 3 -See pages 39 and 40 of Gfcapter III. • 



rtilization could b® made of the abilities of a computer in a system which 
had been specifically designed and planned for operation tmder the control 
of a computer* The underlying reasons for this observation will be made 
clear in ^ticceeding chapters where it becomes evident that modifications 
and changes in methods and procedures would permit a highly-efficient com- 
puter^controlled system. The complete specification of what the basic 
features of such a system should be is beyond the scope of this thesis j 
nevertheless^ as a result of a study of the present system coupled with an 
understanding of the capabilities of the computer^ it has been possible to 
include in Chapter X a number of observations concerning the use of the 
computer if certain modifications or changes were made in the present 
traffic control methods*, 

One should not undiJPestimate the amount of non-equipment al work 
over and above the preparation of a general plan of attack and flow dia- 
grams which wotild be necessary for the ultimate realization of a computer- 
controlled system. The completion^ refinement j, and translation of the 
flow diagrams into actual coded programs woxild be a fairly large task and 
would probably occupy a small group of people over the span of a year« 
The detailed construction of coded programs for a relatively complex 
problem is not easily carried out and much care must be taken to avoid 
errors 9 Few problems of this order of magnitude have as yet been carried 
through to completion^ yet experience with shorter programs has indicated 
that the programming must not be only theoretical in nature but must act-* 
ually involve testing on a computer as the ultimate means of discovering 
errors o Such testing would be purely synthetic, and parts of a complete 
program coiald easily be tested on Whirlwind o Careful consideration wotild 
also have to be given to questions of how the program could be tested 
symthetieally for operation under all possible conditions which might 
arise in practice <, 



Fo Relationship of Cha pters 

Chapters II and III discuss the present air traffic control 
system and the computer^ respectively^ and serve only as a means of es- 
tablishing a common ground for discussion* 

Chapter IV deals with the means of introducing and withdrawing 
the necessary traffic control information and instructions from the com- 
puter <> A system of necessary external equipment is described^ and the 
handling of input and output messages is discussed. 

Chapter V is concerned with the utilization of the interjial 
storage of the computer and treats several problems which arise in the 
handling and storage of necessary information and data* 

Chapter VI discusses the problems arising in connection with 
control areas and airports, A detailed description of present system op- 
eration in these respects is given^ and plans are drawn for the require- 
ments for use with the computer o 
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Chapters VII, VIII and "JOL deal with specific programs to be 
mtilized by the computer o Chapter VII is concerned with two programs 
msed in regulating the general action of the computer and in initiatii^ 
control over aircraft o The subject of separations between aircraft and 
the checking for conflicts is treated in Chapter VIII, Ghapt^l^ IX dis- 
cusses the computer action necessary for obtaining and maintaining 
clearances for aircraft » 

As already noted. Chapter X contains a discussion of pos- 
sible improvements which could be obtained through modiESeation of the 
present-day system of controls 
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GHAPTER II 
Present-Day Air Traffic Control 

The primary objectives of a system of air traffic control are 
generally associated withs 

1) Pi^^enting collisions between aircraft and between 
aircraft and obstructions on the movement area, 

2) Expediting and maintaining an orderly flow of air 
traffic » 

3) Assisting the person in command of an ^rcraft by 
providing such service and informatioii as may be 
useful for the safe and efficient conduct of a 
flight© 

4) Notifying appropriate organizations regarding aircraft 
known to be or believed to be in need of search and 
rescue aid^ and assisting such organizations as 
required o-^ 

An attempt at fulfilling these objectives has resulted in the establish- 
ment and growth of a nationwide system for the control of aircraft both 
at or around airports and during the en-route sections of their flights 
between airports* This chapter aims at briefly describing the methods 
and techniques utilized in this present-day system, and is intended 
chiefly as background material for furt)aer and more detailed discussions 
of the subject in succeeding chapters^ The emphasis is concentrated upon 
an explanation of the en-route phases of control, as it is in this part 
of th^ general framework of the present-day system that it will be showa 
that the use of a computer is most promising « 

The two governmental agencies directly concerned with the 
present system of air traffic control aj*e the Civil Aeronautics Board 
(CAB) and the Civil Aeronautics Administration (CAA), These two organ- 
izations technically constitute the Civil Aeronautics Authority of the 
United States Government, 

The Civil Aeronautics Board is an independent, quasi judicial 
panel appointed by and directly responsible to the President, The Board 
formulates Civil Air Regulations dealing with the competency of pilots^ 
the airworthiness of aircraft, and the conditions of flight. Other 
duties include the investigation of accidents and violations of the Civil 
Air Regulations, the establishment of air mail rates and contracts, and 
the certification of routes, rates, and carriers for passenger and freight 
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The Civil Aeronautics Administration is a branch of th« Depart- 
ment of Conaaerce^ and operates under the direction of an Adiainistrator of 
CiTil Aeronautics,, The maintenance and operation of comiaunicatioBS, 
navigation^ and air traffic control facilities was authorized in t he 
Civil Aeronautics Act of 193^^ which empowered the administrator to: 

promote the development and safety and provide for the 
regulation of Civil Aeronautics 00..0 designate and 
establish civil airways ,,000 acqttir®, establish, operate, 
and maintain along such airways all necessary air 
navigation facilities , <> • o <, provide necessary facilities 
and personnel for the regulation and protection of air 
traffic moving in air comraerceo \ 

®' The Civil Airways System 

A network of radio ranges known as the civil airways form th« 
basic navigational aids for aircraft flights in the United States. These 
ranges are created by the radiation patterns of ground transmitters op- 
erated by the CAA„ Four narrow spoke-like beams — also referred to as 
course s or ranges — • are set up in space, extending outward from the 
range station. These courses, each 3^ wide, are separated by about 90® 
in azimuth The natiare of the signal transmission in the beams or 
courses is such that a properly-tuned radio receiver will give an aural 
and/or visual indication of whether the aircraft is to the left of, to 
the right of, or directly in the path of beam,, 

The radio range stations have generally been situated at ar nfear 
major airports so as to provide direct paths, or paths consisting of 
straight-'line segments, between most commercial or military airports. 
The range stations, then, provide predetermined flight paths or "roads'* 
which pilots can "rid®** by earphone or meter indications • 

Radio ranges alone, however, only provide a coiarse to be 
f lowni navigation in poor weather and during low visibility conditioas 
requires the definite determination of position along these courses, A 
radio fix or cheek~point is obtainable at the intersection of courses 
of two adjacent ranges or in the signal-free cone of silence over a 
range station. In order to provide additional indications of position^ 
radi o marke rs have been installed at specific points along the air- 
ways* These radio markers are produced >^ high-frequency transmitters 
which radiate vertically and produce a definite field pattern over a 
small area across the airways « 

These facilities — the radio ranges and radio markers — pro- 
vide a complete, although not perfect, en-route navigation system cap- 
able of being flown entirely by instriamento Figiire 1 shows the present- 
day airways totalling 43^000 miles » 
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Co GomtauKicatioR Facilities 

The bulk of coiammiicatioii between aircraft and grotoid stations 
is carried out by meams of two-way radio telephone. Traffic control in- 
structions from control towers at airports are sent to neighboring air- 
craft over high-frequency channels assigned each airport. Control mes- 
sages for en-route aircraft are sent by the traffic controllers through 
the facilities of airline, military, or CAA-operated comHmnication sta- 
tions 

Point-to-point ground communication among control c enters, con- 
trol towers, airline offices, airline radio stations, military dispa^ck- 
ers, military conamanications stations, CAA coiamunications stations, and 
weather observation stations is handled over land-line wire circuits. 
Two facilities are in general uses an extensive teletype circuit for the 
transmission of weather reports or messages not requiring immediate hand- 
ling, and an interphone (private telephone) circuit for the relaying of 
air traffic control messages^ 

Do Scope of Present-*Day Control 

The air traffic rules of the Civil Air Regulations specify two 
types of flight conditions, with appropriate regulations for each, The 
Visual Flig^ht Rules (VFR) apply to clear-weather flights conducted under 
visibility conditions better than specified minimums» These visibility 
regulations are rather complex. Generally speaking a three-mile horizon- 
tal visibility is required and the aircraft must be at least 500 feet be- 
low or 2000 feet to the side of cloud formations. Flights which are 
flown under visibility conditions less than those certified for VFR are 
governed by the InstriMent Flight Rxile s (IFR), Standard flight procedures 
and **right-of-way** rules for all flights, regardless bf visibility, are 
stipulated. in the Civil Air Regulations, 

En-route flights carried out under Visual Flight Rules are not 
controlled by the facilities of the CAA, There are two principal reasons 
for this* Under the relatively low-density conditions presently en- 
countered in en-route flight, when a pilot can see that he is about to 
pass, overtake, or cross the path of another aircraft he can safely al- 
ter his course to prevent collision. In full-visibility there also ex- 
ists no urgent need for navigational aid« For these reasons pilots are 
permitted to select their flight paths independent of the civil airways> 
and they are personally charged with maintaining safe separation fromotker 
aircraft 

Flights conducted under IFR conditions require the en-rbute 
navigational aid and overall traffic coordination offered by the CAA fac- 
ilities! these flights Biust be flown on the civil airways and are strict- 
ly controlled from the ground in accordance with methods described in 
succeeding sect ions «, 
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CM supervision also extends to the control of aircraft in and 
around airpoirbs, regardless of weather and visibility conditions^ where 
high traffic densities require careful control for piirposes of safety, 
efficiency, and expediency* 

Eo Types of Control 

The types of control exercised in the present-day system are 
three-folds 

1) air route traffic control 

2) airport traffic control 

3) approach control 

Air rou te traffic control s administered by control centers, is 
specifically responsible for the safe and orderly flow of airbraft pro- 
ceeding along the civil airways in IFR flight conditionso The principal 
functions ares 

1) To issue instructions to pilots regarding al- 
titudes to be flown, routes to be followed, 
speeds to be maintained, holding procedures 
over specified locations, etCo 

2) To advise pilots of hazardous conditions and 
miscellaneous information which may effect the 
safety of the flight, and suggest a change in 
flight plans o 

3) To maintain a progressive check of aircraft and 
to initiate action for overdue aircraft, 

4) To provide assistance to aircraft in difficulty 
and report accidents, 

5) To report violations to the proper office* 

It should be particularly noted that air route traffic control is designed 
chiefly for application to en-route IFR traffic « far reasons to be men- 
tioned in Chapter ¥11, this service is not used by laost pilots during 
WR conditions. 

Airp ort Traff ic control concerns itself with the safe and or- 
derly supervision of aircraft which are taxiing, landing, taking-off , or 
flying in the iiamediate vicinity of an airport area. The principal fuj^- 
tions are? 

1) To issue instructions to pilots for taxiing, 
take-off, approach for landing, and landing of 
aircraft o 

2) To inform pilots regarding field and weather 
conditions, air navigation facilities, emer- 
gency landing areas, restrictions to fli||ht, 

ISj, Page 30 
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and other matters which may b© of assistance t© the pilot. 

3) To relay messages between pilots^ air carrier or military 
operations offices^ comBaanicatloa stations, and other 
appropriate agencies concerned with the operatioa, control, 
and dispatak of aircraft o 

4) To inaugurate emergency proced\ires when an accident or em- 
ergency occurs on or in the Ticinity of a landing, ftreaa-^ 

Airport traffic control^ it is again noted, is an all-weather service. 

A third type of serrice -■» approach control — is presently pro- 
Tided as a link between air route and airport traffic control in conaec*'- 
iion with the haMling and coordination of traffic in instrument weather 

near airportSo la the words of a CAA manuals 

Approach control is a service whereby airport traffic 
control towers Issue traffic clearances to aircraft 
b^ng controlled in accordance with Imstrtaaent Flight Rule 
standards by communicating directly with pilots over the 
voice feature of the radio range^ or over a very high 
frequency channel of the control-tower 0000 Coordination 
®f traffic arriving and departing during adverse weather 
. conditions is vested in the approach controller who is in 
a position to see the airport and aircraft in the vicinity 
and is therefore able to take advantage of every opportun- 
ity to safely expedite the flow of traffic on and around 
the airport o^ 

F„ Air Route Traffic Control 

1« General P hilosopkY^ 

Air traffic obviously cannot be controlled lika. surface traffic | 
an aircraft cannot be stopped in flight but must remain in motion at suf- 
ficient speed to maintain altitude and maneuverability o (lna.smuch as the 
available navigational aids safely provide for only a single lance — of tea 
called a *" single wall^* -«^ of traffic along an airway, immediate delays 
of en-route aircraft are possible only by flying the aircraft in race- 
traek-like holding patterns anchored on these airways) » The desire for 
the maximum utilisation of the airways as well as the mi]aimua..aaouj|t, of 
'confusidn and delay has "led to a guiding- principle of controlling %hm 
traffic by anticipatiom.o Im accordance with this principle, the move- 
ment of traffic is organized in advance so that no danger of collision 
can arise if pilots proceed ■ according to instructions^ and' if the trl^f- 
f i© control is predicted on accurate and current inf ormatiom of the 
weather and aircraft movememts* 
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Whereas tower controllers are usually situated in a position of 
full visibility at the airport under their supervision^ air route con^ 
tr oilers cannot possibly view the en-route aircraft and hence must be 
supplied with a full knowledge of the positions and plans of these air- 
craft o This information is supplied both by the flight plans which must 
be filed prior to all IF!R flights and by means of progress reports sent 
by the pilots to the traffic controllers when aircraft pass the parti- 
cular fixes designated as reporting points > Although these flight plans 
and progress reports deal exclusively with times and altitudes at the 
discrete reporting points^ these reporting points are close enough — 15 
to 20 minutes flying time apart — -so that a trained controller can ex- 
trapolate upon the given data and supply himself with a mental picture of 
the traffic at the present or at fttture times e With these pictures the 
controller checks for safe separation between aircrafts; when it is ap- 
parent that proper separation will not exists the controller requests 
changes in the fligbt plans of the appropriate aircraft » 

Separation between aircraft is defined in terirjs of distances, 
times ^ and altitudes o The separation standards — lateral, longitudinal, 
and vertical— generally require any aircraft in IFR weather to, be 
either 1000 feet above or below any other aircraft on the same airway, 
or to be at least ten minutes flying time away from anotijer' aircraft at 
the same altitudeo The sliriirgency of iihese ^ta.iidards is prima,rily due 
to the limited nature of the navigational system and the limited re- 
liability and accuracy of barometric a itd:iQeters and air speed indicators* 
fariations of speeds ^ altitudes ^ and routes ^ as well as the holding of 
aircraft over specified points^ can be used to obtain proper separation 
between aircraft ^ Details of 4he en--TOute separation standards and pos- 
sible variatioi^s therein permitted xmder particular flight conditions are 
discussed in Chlapter ¥III« 

Before commencing any fli^t or portion of a flight which will 
come under the jurisdiction of Instrument Flight Rules, pilots must ob- 
tain a clearance from the appropriate air route traffic control center* 
The initial application for a clearance is made by the prior filing of a 
flight plan indicating full details of the projected flights The flight 
plan miist specify the flight indent if icat ion, type of aircraft, proposed 
airspeed^ point of departure, desired altitude, proposed route, and 
point of destination,, This initial filing of a flight plan is generally 
referred to as an Approval Request e Approval Requests are forwarded to 
the control centers some time before proposed departure time by the air- 
lines operations offices or the military operations offices o 

Clearances are issued to aircraft on a "first-come, first- 
served" basis with due respect to up-to-date weather information and the 
fullest possible knowledge of aircraft movements o The .final request for 
a clearance, the Clearance Request a is made by the tower operator at the 
airport when the aircraft is actually prepared for departure * The 
clearance, as such^, is given for the aircraft to coimnence the requested 
flight I in actuality, however, due to the fact that the weather and 
traffic information at any one time is known only with a limited degree 
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of certainty^ this clearance is based only on proper separations for a 

first section of the flights 

After receiving their clearances, pilots are required to coa- 
f orm to their flight plans and to inform the controllers via progress re- 
ports of the passing of the reporting points. The progress reports in- 
dicate the actual times at which the reporting poikts are passed, arad 

confirm the altitudes and speeds at these points. On the basis of these 
progress reports^, modified clearances can be givejip if necessary, to 

provide separatiom for fiarther sections of the flights o 

2o Division of Coatrol 

Control of all aircraft on the civil airways of the United 
States from one central point is not feasible due to the high communic- 
ations costSp and is unnecessary due to the localized nature of air 
travel, (A CAA survey of 194^ revealed that almost half of all airline 
passengers travel less than 300 miles and over a fourth isp'avel less thaa 
200 Hdlesc^) 

For these reasons the country has been divided up into 26 do* 
mestic traffic control areas o This division has generally been made on 
the basis of efficiency and economy^ and so that one point of major 
traffic congestion and the airways serving that point compose am area» 
The traffic within each as^ea is controlled by a centrally-located Air 
Route Traffic Co ntrol Center,, 

The amount of traffic within any one area presents, a problem 

of control ^ieh is too difficult for a single pei'son to handle. For 
this reason each control area is subdivided into sector®. The size of 
these sectors varies with the amount of traffic and complexity of the 
routes. It has been founds however^ that there exists a minimum size 
for a sector from a practical viewpoint^ since a controlled aircraft 
must remain in the area long enough to permit a controller to assimilate 
the informationi, analyse the traffic flowj, and issue the instructions. 
Generally speaking^ aircraft receive clearances through one or two 'sectors 
at a tim@o 

The subdivision of the traffic into areas and then sectors 
creates serious coordination problems. Coordination is needed between 
adjacent sectorsj, between areas^ between centers and towers^ and between 

successive shifts ©f controllers working the same sectors* 

3o Processing and Handling of Flight Infomatiom 

As a means of compiling and handling the information concern- 
ing the various flights within an areai> the control centers are provided 
with a number of flight progress boards v^-pom. which can be posted current 
flight information in the form of flight pr ocess strips <> A single flight 

1, Eeferea©® 24 
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progress board is geiierally reserved for each reporting point, the name 
or abbreviation of that reporting point being displayed at the top of the 
board . Separate flight prog r e ss strips are made out and posted for all 
reporting points mentioned in a fli^t plan, each strip essentially 
carrying all of the information in the flight plan but prominently dis- 
playing the time and altitude at which the point shall be passed* 

Adjacent reporting points are assigned, insofar as is possible, 
to physically adjacent flight progress boards* A group of 5 - 10 conti- 
guous flight progress boards constitute a sector under the control of a 
controller « The strips on a single board are generally kept in time se- 
quence, and hence by referring to corresponding (flight) strips on suc- 
cessive boards and by con5)aring times and altitudes, controllers are able 
to check for proper separation* 

The CAA defines three positions of operation in a control cen- 
ter, these positions and their duties beings 

Position As 

a) To collect flight plan data via interpl^one and post 
properly on flight progress (board) strips* 

b) To maintain prepared strips in proper sequences in 
siispense bays, 

c) To prepare strips for reporting fixes within the 
sector assigned and prepare strips for the entry fix 
(reporting point) of succeeding sectors as necessary » 

d) To transmit over interphone facilities assigned to the 
position, flight plan data and control information to 
other positions within the sector and adjacent sectors 
as necessary, 

e) To transfer prepared strips to the "D" position (see 
below) at appropriate fixes and at proper times* 

f) To monitor reports and information being transmitted 
and received by associated "D" position of operation, 
acknowledging receipt of information for which action 
is required by the "A« position* 

g) To handle other communications via interphone facil- 
ities assigned to the position as instructed or auth- 
orized by position "D*" 

h) To remove and file flight progress strips from hold- 
ers no longer being used for control purposes. 

Position Ds 

a) to issue traffic clearances and oidier control messages 
either directly or t M - ou ^ other positions of operati6n# 

b) To revise air route traffic control estimates as neces- 
sary immediately after a flight progress report has been 
posted. 

c) To maintain fix postings on fli^t progress boards in 
proper sequence* 

d) To maintain current expected approach times as required 
on flight pro gress boards assigned to the position© 

Reference 1. Suspense bays are separate flight progress boards reserved 
for strips of aircraft still on the ground or in adjacent areas. 
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e) To remove strips fjfom the flight progress boards wjien 
the iufqrmatioai contained on the stripn is no longer 
reqxtired for control pnrposeso 

f ) To stady all weather reports ^ windB aloft repprt s p 
notices to airmen, and terminal and airway forecasts ^ 
aiid CTDfnsnlt wi1;h Plight AdTisoryWeathf^ Service per- 
sonnel as necessary* 

g ) to administer flight assistance to dvll a ircraf t • 

Portion Es 

a) To coordinaije the cxjijtroi tjf^lr "traffic between 
varionf sectors of the control area as required. 

b) Tpche^^fcflow' of traffic between sectors tf ins\are 
proper separation. 

c ) To advise contirrllerEl as necessary to ii|Stare efficient 
and safe control of air traffteo 

d) To regulate thf flow of air traffic in an efficient 
and orderly mai|ner consistent with the operational 
limiting factors invoivedv 

e) To 'stnd^r all weather reports, winds s:loft reports, 
notices to airmen^ and terminal and airway forecasts 
immediately uponr recelpt^ of ; such reports «1 

Position D duties are f illedr br' controllers . Position A duties 
by assistant controllers or calculators » while the supervision an<i coor- 
diimticm of -the E position is provided by a senior controller * 

Go Traffic Control at the Ain)x?rts 

Supervision of flights ^^^ud nea r airports Is sj^ared by Airport 
Traffic iJimtroi and Approach: Control. Airport Traffic eontroi has been 
established to p r o v Id B adequate superviBloH tjf all traffic li| the move- 
ment area and all alrci^a f t f !| .ylng in visual Tef e rence^ to the - ground in the 
vicinity of an: air poi*t o App|»oacii Gontroip a service estalrllshi|d in 1944 
aisd still being "eaq^andedj^attearptstc «si.se-conditicx^ ai? -a^rpofts during 
ins tr ume n t weath e r by" ttirect^t^ i nstan t a necus^ omm t m icatitb: between tower 
controllers and f FR ^Mghts^ arrlvli^ at^, d ej^r a ting from, or iaolding in 
vicinity of the airports. At the present t|me over lOO of the GM-oper- 
ated air po r t towers isf f er thg appro ach c ontr el service* 

Burin gllR conditions, when^ slrcraft are iiot t^ control of 
air route traffic c o atrcl ce nte r s , irilots gene r a lly-'contact the towers at 
the airport of i^elrdestiha lion when~ttoey are f^^ - |5 Mnutes fly- 
ing time away. ^etowei^CDntroiiers establish landing" p^t^erns suitable 
f or i;fae r un i ay in use sjid In^ to^ow^~an3| when they 

should proceed ^irlth their Isiidlngs.; 1?hese instruetions, of cottfse, are 
coordinated: with rfspect to taxiing aircraft, other arriving aircraft, 
and aircraft xequesting permission to take off • 
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Th© sitxiation is somewhat more complicated at the airports dur- 
ing poor visibility conditions , The lack of visibility and the limited 
natire of the navigational facilities are such that large separations 
between successive landing aircraft are required, and hence rather low 
landing rates must be expected, A sudden deterioration of the weather 
at a busy airport is likely to create a situation in which most ajrriving 
aircraft must suffer some delays in a holding pattern before they can 
proceed to a landingo 

As an aid to navigation near the airports^ one leg or course of 
the adjacent radio range is generally positioned so as to lie across the 
airport. Under approach control procedures the air route traffic control 
center clears aircraft to a radio marker situated on one leg of the radio 
range* Holding patterns are stacked above this marker at 1000~foot in- 
tervals, the patterns being of a race-track shape with one leg extending 
along the radio range from the marker. These holding patterns are under 
the supervision of the approach controller who informs the control cen- 
ters of the free altitudes at which aircraft may be introduced into the 
patterns» Upon reaching the holding marker at the proper altitude, the 
pilot establishes contact with the approach controller who then assumes 
complete control of the aircraft « 

H« Limitations of the Present-Day System 

lo Navigation 

Generally speaking, navigational aids presently in use do not 
give pilots or controllers continuous or sufficiently accurate positional 
information, nor do the facilities provide a satisfactory number of 
flight paths* 

During po®r visibility conditions, pilots know their positions 
along the airways only at specific points — these points being the 
radio markers, cones of silence, or intersections of courses of adjacent 
range stations* This is a distinct disadvantages traffic is not only 
restricted by the single lane of traffic and limited number of altitudes 
which can be flown (bounded above by considerations of cabin pressuriz- 
ation and below by the height of the terrain), but must be further cur- 
tailed since the limited number of reporting points requires large longi- 
tudinal separations. 

The present-day airways are restricted to t^e fixed, widely 
separated courses of the radio ranges. The position of thpse courses 
usually creates flight paths of unnecessary length, since these fixed 
paths between range stations rather than direct straight-line routes must 
be followed if the navigational facilities are to be used. These paths 
are immobile and cannot be altered to take advantage of weather condition*. 
In particular, the radio ranges are less reliable in poor weather when tkey 
are most urgently needed » 
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2, Coummmication 

The overloadiag of available coBaMOMicatiom chaaaels and the ef- 
fects of static and iEterference are two aspects of the air-grouad co»- 
miinicatiom problem. Of greated importance is a considerable time lag ia 
handling messages as they are routed to and from the control centers o 
The multiple handling of messages^i the necessity for frequent repetitioms 
to avoid errors and misunderstandings^ and the overloading of available 
circuits are problems presently encountered both in commUllicatioii betwee» 
ground points and between pilots and ground station*. Pilots and control- 
lers alike spend a i^isproportionate amount of their time in preparing 
and transmitting messages? pilots must do this while busily engaged in 
flyingi controllers must interrupt their control procedures to establisk 
radio or telephone contact and to deliver (and possible repeat) the mes- 
sage So V 

3* Traffic Control 

The present system of control ^ based as it is upon the principle 
of anticipation^ is handicapped by a lack of accurate and complete 4^- 
formation of present and future traffic conditions along the airwayso 
This situation arises from several causes s 

a) The lack of an adequate knowledge of the winds generally 
results in earlier or later times of arrival at report- 
ing points than have been previously predicted, 

b) Position reports are likely to be delayedj, incorrect^ or 
inaccurate o 

e) Aircraft flight plans are handled "first-come, first- 
serve,** without regard to published schedule Sj> inas- 
much as these schedules ore susceptible to rapid changes 
and frequent cancellation during IFR ©onditionso Be- 
cause of this fact, because of the random nature of mil- 
itary and non-schedialed air-carrier traffic, and because 
pilots may not file an Approval Request until the time of 
takeoff, controllers have only a limited idea of future 



d) The rapid change of weather conditions may r esult in 
numerous en-route aircraft without clearances suddenly 
applying for IFE clearances* 

It is chiefly for these reasons that aircraft can be cleared for 
separation through only one or two sectors at a time. Such a procedure^ 
as noted, results in a coordination problem, with an accompanying de- 
crease in overall efficiency and speed of operation^ 

An exhaustive study has been made of the conditions under whi©fe 
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the present-day air traffic control methods and procedures might break 
down under the weight of an increase in traffic densities,^ It was eon- 
eluded that with high traffic densities over a prolonged period the fol- 
lowing liiaitations of the controllers would become apparent? 

a) an inability to properly visualize the traffic patterns 
beyond a certain degree of complexityo 

b) an inability to resolve complexities and determine the 
appropriate instructions with sufficient speed J 

c) failiare to be able to make accurate and current tabu- 
lations of the necessary data in the time available* 

The routine, mechanical task of transmitting, accumulating^ 
sorting, classifying, recording, and distributing the information needed 
to perform the control functions is tremendous, and probably can only be 
fully a|)preciated when one has seen an air route traffic control center 
in full operation diiring IFR operations. 
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CHAPTER III 
Th< Computag; 

This chapter is intended as a brief introduction to the geaeral 
subject of automatic digital computing machi^es^ and in particular to the 
Whirlwind Computer* 

The first section of the chapter is devoted to a discussion of 
a simple computing system and to an identification therein of the basic 
elements of more sophisticated and completely automatic systems<, The 
discussion is focus sed on digital computers, of which Whirlwind is an 
example* This digital character evolves from the fact that the computer 
handles and stores only information which has been properly expressed in 
qxiantized or digital form — that is to say, information which is com- 
pletely expressible by a set of numerical' digits. This is to be con- 
trasted to an ana^ft g maphiw T.rh#-r'.«^ la i wf ft-WM|^triOT i« nnf. riKatrictitd tf> 
q uantized levels ^ and in whi ch the information i s stored as a physica l 
q jiantity and hence is dependent upo n the capacity and sensitivity of 
8oiie mea staring device » ~~ " 

The remaining sections of the first part of the chapter are 
used to enlarge upon the preliminary concepts and to develop the basi® 
notions dealing with the use of a computer in a variety of problems,, 
Special attention is given the application of a computer to physical con-- 
trol systems. 

The second part of this chapter discusses the specific char- 
acteristics of the Whirlwind Computero A number of quantitative figures 
are introduced so as to provide the background for discussions of succeed- 
ing chapters. No effort has been made to make the description of the 
computer complete | additional details and descriptions of operation may 
be fotind in the literatiare listed in the Bibliography. 

Ao General Philosophy of Use of A Computer 

io Elements of a Computing; System 

A familiar example of a computing system is that of a human op- 
erator supplied with a desk calculating machine, a set of instructions^ 
a pencil, and a block of paper* Despite the apparent simplicity of this 
example, it graphically demonstrates the basic elements of the Biore como» 
plex and automatic systefflns which are typified by the Whirlwind Computer. 

One of the basic elements in this system of manual computation 
is the desk calculator — this, in fact, fulfills the requirements of 
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aritfametie BlBment in a gene r a lized ^jstemo The xjharatrberis tics of this 
partitsular ai*ithmetic ei emeut are tfant when it is suppl ied with one or 
more numbers and when a paTticralar mode of operatton — addition, sub- 
traction, multiplication, or diTisitsn — is specified by atstivating the 
proper lever, button, or switch, the^ desired operatitsn i« automatically 
carrieci outo The cospit^d result i^ generally found in the accumulator 9 
one of the several registers used in the performance of arithmetic op- 
erations* 

The iiumbersta be fed into the a^rithmetic element and the op- 
erations to be performed are tiSTiaily specified in the overall instl:*ue-f 
tions ^ichinust be given to the machine t^^ Consider these in- 
structions as being listed on a set of filing cards » Some cards will 
hold numbers to be used in the calculations, other tsards will hold writ- 
ten orders concerning the operations te be carried out using numbers 
appearing on the first type pf cards, and still ether cai;^s might be 
blank in anticipation of the s torage of computed results o We shall coj^ 
sider these cards as being arranged in a logical sequence , Ty& h each 
card being numbered consecutively o %:e totality cf these cards — con- 
sisting of orders, nxambers, and space for results — make up the stor- 
age ^lemento 

A third component of our simple system ±s the traman operator 
who effectively acts as the control el ement . The general function of 
the control element is to inspect the cards of the storage element con- 
secutively 5 carrying out the orders specified thereon* By restricting 
the complexity and standardizing the form of these orders the intel- 
lectual requirements of the bohtrolpleiiient can; be made rather small| 
the basic requirements are that it inspect the cards in sequence, under- 
stand the written orders thereon, and be able to carry out the simple 
physical operations needed to implement these orders « 

If we consider the control, storage, and arithmetic elements 
as being physically isolated in a room, then a means of conpunication is 
required between the room and the outside world o If all of the cards 
of the s torage element were initially blank, then an obvious need is a 
meane of transmitting" intc the storage - element the required contents of 
these- cards — the orders and numbers needed for the calctip.ation<» Fur- 
thermore, when the calculation- hae been: coaaprleted^ a means of trans- 
mitting results from: the rotMi ^re laec^fssary^ The apparatus necessary 
for the purposes of eommanication can be generalized into two types- 
input and outputo An input element and an output elffient constitute 
twc additional needs of a general computing system* 

A schematic representation of the comparison between the ele- 
ments of manual computation and the elements of a computer such as 
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WhirlwiBd is given In Figure 2, Without loss of generality, the storage 
element in the hiaaaa system is represented in this figure by a notebook 
rather than a set of cards » The analogies between the individual basic 
elements are given in Figures 3, 4, 5 and 6# 

2o Handling a Simple Problem 

As an illustration of how the five elements discussed in the 
previoui section can be combined to afford automatic calculation, a sim- 
ple example will now be considered « In the previous section the idea of 
restricting the number and standardizing the form of the computer in- 
structions was mentioned! this idea will now be utilized as an attempt 
is made to devise a program for the formation of the expression ab -f- 
cdo' where a^ b^ e and d have been assigned specific numerical values. 
For convenience assume that a is written or stored on the card numbered 
9g b on card 10, £ on card 11, and d on card 12, while card 13 is assiamed 
to be available for the temporary storage of first a partial result and 
them the final result* 

In forming the expression ab 4-^d, the first step might be to 
form ^. This is simply accomplished by the multiplication of a by b. 
Thus our first instruction — the instruction on card 1 if we arbitrarily 
decide to start there — would be to the effects clear the acciamulator 
of the arithmetic element (imake it contain zero) and then add into the 
acciamulator what is written on (the contents of) card 9« This instruct- 
ion can be abbreviated as; 

ca 9 (clear accumulator and add into 
it the contents of card 9)* 

As a result of this order, a is placed in the accumulator, and the next 
step would be to multiply it by b. Thus the instruction on card 2 would 
be to the effects ^Itiply the contents of the accumulator by the con- 
tents of card 10, leaving the product in the accumulator* This order mlgh 
be abbreviated ass 

, WSX 10a 

The next step in the computation would be to remove the product ab from 
the acctamulator and store it temporarily while the product cd is formed* 
The temporary storage of s^ can be accomplished by clearing (erasing) 
card 13, and then transferring the contents of the accumulator to this 
card of the s^torage element <> The order for such an operation would be 

ts 13. 

On cards 4 and 5 would be stored the instructions for finding the pro- 
duct cdj 

ca 11 

mu 12 « 



A-35676 

F-1028 
SC-207 



BASIC COMPUTER ELEMENTS 

comparison between manual computation 

OPERATOR ^ 




DESK 

CALCULATING 

MACHINE 



incominq 
problem 



outqoinq 
results 




and 



WHIRLWIND I computation 





QT 


r»o A /^ IT 




CONTROL 


V 


ARITHMETIC 






O 1 vr\/-\V7C- 






ELEMENT 






t i 




1 1 




X t 




t 








1 


INPUT 


• 


N. 


OUTPUT 


DEVICI 


ES 


V 








^ 


DEVICES 



problems 
to be done 



7 



C 



Results in 
desired form 



A- 36233 

FI034 

SC-2-67 



basic computer elements 

ARITHMETIC ELEMENT 

of WHIRLWIND I compared 
with desk calculator 



arithmetic 
element 



f r rti TT 


^J^ 




r^ 









ke/boa'^d 




Receive*; number from the main bus- 
Holds addend, sjbtrahend, multiplicand 
or divisor 

Ttie adding unit -Holds the result of on 
addition, multiplicotion or subtraction 
.and the dividend in division 

Auxiliary register -Holds the multiplier 
or quotient 



DESK CALCULATOR 



ARITHMETIC ELEMENT 



PERFORMS ACTUAL ARITHMETIC OPERATIONS 
SUCH AS 

add • subtract • multiply • divide 



A-36231 

FI032 

tsC266 



basic computer elements 

CONTROL 

Just as in manual computation 
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To the product e^, iwist nc^w be added the previously obtained product ab 
stored on card 13 o This Addition is obtained with the order 

ad 13. 

With the conrputation comj^letej the result can be stored on card 13 by 
another application of t^e M order, this time as 

ts 13 

Having-eoBipleted the evaltaatitm: of th& -expression &h -k<;dn one might 
then wish to proceed to another ctMjaputatiotty as for ^xan^le one whose 
first order was to be found on card 50 o Inasfflueh as the con'^ol ele- 
ment has been automatically proceeding from order to order {card to card) 
in sequence p the control elament past now be instructs to stop and then 
recommence its action at card 50 o This can be done by a special order 
for this purpose 5 w hich ^hall be abbreviated as 

sp 50 

The cards and their required contents for the program of cal- 



(utlined on the previous pages 


r-arer 


Card 


Contents 


Action 


1 


oa 9 


a in accumulator 


2 


ma 10 


§b ii| accumulator 


3 


ts 13 


ab"on card 13 


5 


ca 11 
ma 12 


£ in aocumalator 
odr dii srccumulator 


€ 


ad 13 


ab^ >^ ed in accumulator 


7 


ts 13 


lb ^ cd on tiard 13 


8 


sp 50 


control element reverts 
to card 50 


9 


a 




10 


b 




n 


c 




12 


d ; 




13 


Initial 


contents Immaterial 



50 start of ndxt program of calculation 

The orders in "biig a bove program when tsarri ^ t|ut in the card 
seque nce Ip 2, 3p o o » o » o o0 enable the evaluation of the expression a^ 

-f- ody p r o v ided that the prope r num u r le al ^ralnss of a, %, c an4 .^ are 
initially stored on cards 9^ throttgh 12 » By the use of ii|put and output 
equipment oner ffii^it supply various values of a, b, £ an^ ^ for cards 9p 
10, 11 and 12rprior to the oa lculation ffom s: tele t ypeH iapg (yr some 
other typer of Tinput^mediuffii f ui ^thermore , after ijheoalcuiatiion on© 
might take the resist stored on card 13 and transmit it out onto a tele« 
type system. An order such as 

rd 9 



Report R-203 

-30<- 
might be msed to reag iu a iralue of a fi'om teletype tape and store it on 
card 9 9 while the order 

re 13 

mi^t l3e xised i?ax9Sc»rd flrom card 13 onto telety pe o Inatsarach as there 
ipii^rb fee several types of inpttt aisd outpu t equip a eHt ^aiyatlaM^ , prior to 
the use of either an e4 or ^ order one would use an additional order to 
specify the p9,rticular equipment to be used. As an example, the order 

eu 29 

might be used to prepare for the subsequent use of an ^xte3?nal unit num- 
bered 29o 

3o 6o m mei i Is on ilomputer- €h:^er® 

The orders- described 111 idae ^previous -sectit^ a par- 

tieularly complex nature ^ %at me rely^ r eq uire of i±[g control ^aiement that 
ability i;oprerform several siiiqjie^tst]^^ In fact tfeisse o rder s jare of such 
a slmpie nature i^hat a ttuli or im±ma^iisairf:Te^^person-i?ouid sttf as the 

control eiCTaent o As mi^itbg- e xpe cted ^ becau se t>f i;fae^ sta nd aJ ? d lzation and 
simplicity of th© orders it is possible iro synthesize a satisfactory coh- 
%Tol element purely from elBC trica loir mechanica l c om ponen t^ » It is this 
fact, c^oupled liditfa ^bhe elec t r onic and "mechanical -realias atio a of the other 
basic elements^- sttjragep arithmetic, input, and output -r-fthat makes 
possible the eottstrtiction of an automatic computer o For "coijivenience in 
%1^±8 and the suc ceed i ng sect ions the existenc e of a satisf acttirily aut©- 
fettle system- of the fivEriasic^ elements shall be postulated ilitl|out 
specification cf ctmstruction: details^ In: ac c o r da nce witfo -ctarrcict term- 
inology, we shall refer- tc storage jsoaiticnf ^r registers rafher than caids, 
with each storage position or register being assigned an address corres- 
ponding^ to the preriously-described card ntimbei^o 

Two-lettered abbreTiatiotts4iaire been introduced f<|r denoting 
prders, the two letters selected seas te be suggestive of the meaning of 
the orders o The choice of the two-letter notation was-compMti^ly arbi- 
trary, and other notations or representations --nui!^5ers,syi|b^ Greek 
letters^ etco, — could have been ei^loyed without any chang q i in the basic 
reasoning o The Orde r s t^ed ±n the previous sec t io n a3,sc represented ex- 
treme simpli^ica%ion^ and if so desired each card coiild have contained a 
good deal more Info^MttdA' and tl^e^lb^, Wve ordered Ifik '^^f6ti^m^ of a 
more complicated arithmetic raai^inulftgjyspi^ For example, the ordeJ'' 

coiild have been ijsed td' indicate that the contents of storage position 
(card) 21 was to be maitipllgdr b y the content s of storage ^os ition 35 p 
the product being stored in st^rag^e pos1r|ii3n 53 o 'Hie discussion here, 
however, will be limited to the single^address type of order such ass 

ca ;f 

which is the system used in the Whirlwind Computer « 
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The orders already introduced are but a small sample of a wide 
range of possibilities » Additioaal orders such as ; s ubtractioa. and divis- 
ion would find wide use. Beyond the initial stage of a few simple arith- 
metic orders such as addition^ subtz^action^ and multiplication^ the idea 
of convenience enters heavily into the choice and complexity of the com- 
puter orders. Although an arithmetic element capable of extracting the 
square root of a number can be built ^ this is possible only at the ex- 
pense of additional equipment | on the other hand^ however^ one can find 
the square root without a special order or special equipment by means of 
a small program of computation using the more elementary aritlimeti® order8< 
In particular^ the square root can be found either by evaluation of a 
power series or by application of Hewton's Method, 

Arithmetic orders represent but one typ® of action which a com- 
puter can execute. As an example of the non-arithmetic type^ we can con- 
sider the s£ order used at the end of the example presented on page 29 
This order 5 indicating to the control element that it should recommence 
its sequential examination and performance of instructions at a specified 
storage position^ constitutes what might be termed an absolute chitnge of 
control, and is one exception to the stated convention that the control 
element always inspect the storage positions in sequence. There is 
another form that the change of control might take| this would be a 
conditional change of control. An example would be an order with whitk 
the sequential examination is interrupted and a change of control effected 
only when the contents of the accumulator of the arithmetic element are 
negative at the time when this order is used. This order ^ designated 
as cjgj, would act in the same fashion as the s£ order whenever the contents 
of the acculul^tor are negative ^ but would have no effect upon the sequen- 
tial examination when the contents of the accumulator are positive. 

As an example of the application of a eg order ^ consider 
small program given below s 



9 ca 25 a in.- 

10 mu 26 ^ in accumulator 

11 cp 35 If ^ is positive^ go to order 12, 

If s^ is negative, go to order 35. 

X'^ ca K,^ 



25 a 

26 b 



35 '©a 26 
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la this case if the product a^ is positive, the computer proceeds with a 
calculation begim^ing at order 12| when the product ^ is negative, the 
cbmputor takes its next order at register 35* 

The logical action of the eg order provides a most powerfiiX 
tool and greatly enhances the versatility of a computing system. As 
notedp depending upon the presence of a positive or negative resuli at a 
certain point in a program^ different orders or sequences of orders can be 
brought into play. This, in effect, means that it is possible to program 
for alternative courses of action, and it also makes it possible to make 
the remainder of any computation depend upon the nature of one or more 
intermediate results. 

In conjunction with the use of the eg and jg orders, note should 
be made of the possibility of changijag the addresses of some of the orders 
in a prpgramo As an example, the program given on page 29 could be used to 
evaluate ^+^ for another set of values of the parameters stored in reg- 
isters (storage positions) 17, IS, 19 amd 20 if the addresses of the cor- 
responding orders in the program were chamgedo If proper changes in the 
addresses of the orders were made, the computer could be instructed to 
first evaluate the iexpression ab 4- ed for values of the parameters stored 
in registers 9, 10, 11, 12, then for values in registers 17, IB, 19, 20 and 
then for values in registers 22, 23, 24, 25, etCo 

In many cases, such as that above, one has a group of orders 
which are used over and over in a cyclic fashion, sometimes with the ad- 
dress sections unchanged, sometimes with the addresses changed., In any 
case, a sequence of consecutive orders can be used in a cycle if the loop 
is closed by a ^ or sg order <, When a c^ order is used for this pur- 
pose, one can arrange to go through the cycle aay number of times, using 
the discriminatory feature of the C£ order to end the process* Such 
cyclic programs are invaluable for iterative processes in mathematical 
calculatidnSo 

4o A More Generaliz ed Attitude 

In developing a broader view of the capabilities of a computer, 
closer attention must be given to the function of the input and output 
equipment. Rather than being considered merely as devices employed by 
individuals to insert or extract information from the computing system, 
one should regard such equipment as the sensory faculties of the system— 
the eyes, ears, nose, tongue, and fingers — these faculties being under 
the direct supervision of the control element — the brain of the system. 

As an example of this use of external equipment, we might note 
that information in the form of appropriate electrical signals can come 
to the computer from a photoelectric ' cell, a mechanical coiinter, or as 
a measurement of a shaft position or a phase difference | on the other 
hand, the computer can feed out information in the form of electrical 
signals to a teletype system, to a servomechanism, to a relay, to a bell. 
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or to any piece of equipnent wkose operation can be controlled by 
electrical signals « 

This more generalized concept of tke fimction of input- 
output equipment is in agreement with the more generalized attitude 
which can be adopted towards a computing system^ This concept holds 
that a computer is actually a processor of information in a general 
information handling or processing systemo With such a viewpoint, the 
capabilities and possible applications of a computer are impressiveo 
Figure 7 indicates but a sBiall number of these applications^ 

The requirements which a computer must meet are obviously de~ 
pendent upon the type of application considered* In one example^ su©h 
as a mathematics problem^ the input information may be a relatively 
small amount of numerical data^, the output being but a single calculated 
result. In such a case the storage element of the computer would p^e^ 
dominately contain arithmetic orders for carrying out the computation. 
In a second example the input to the system might consist of a large 
amount of uncorrelated date assembled in a random or haphazard order. 
This woxaOLd be true of data collected in a census » The output in this 
case might be the same amount of data -- the data, however, being care- 
fully processed and compiled in an ordered and usable forme For this 
job the arithmetic ability of the computer would not be heavily taxed, 
although the discriminatory feature of the computer — as evidenced by 
the C£ order — • would be of great importance « The storage of the com- 
puter would essentially contain programs for the sorting and ordering of 
information, while sophisticated input and output equipment would be 
needed for the tremendous data-handling problem. 

In another example the input to the computer might be inf or~ 
mation relative to the state of affairs of a physical system or situation. 
The storage of the computer would contain the necessary instructions so 
that the existence of various conditions could be discerned, following 

which the computer would determine the necessary steps or^ actions which 
should be taken in accordance with these conditions. In this case the 
output of the computer would consist of instructions or information for 
various members or elements of the physical system, the information des« 
tined to effect a change in the external conditions. 

One outstanding feature of this last example is that the output 
instructions from the computer may be required almost immediately after 
the input information has been received. That is to say, time and speed 
of response may be of vital interest because of the fact that one of the 
dimensions of the problem is time, A high speed of computer response 
mighfe also be needed in the first two examples given above | however, 
this is generally so only because of the fact that if high computing 
speeds were not possible the results would not be available in practical 
lengths of time. If this condition does not exist, though, the question 
of whether the problem is carried out today or tomorrow or whether the 
time for the solution is one or two hours is of relatively little 
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©oiisequ«]te«| in real^tlmg problems^ nu^h. as control applicatioms^ ^1^ 
Machine speeds are necessary and in some cases it is only the high speeds 
of atitomatie computing systems which make the solution to the problem 

possible at alio 



Two types of real»time problems shoiild be mentioned s one is the 
control of the elements in a physical system according to a predetermined 
plan 5 the other is the simulation of the performance of some type of phy-^ 
sical system through the solution of the equations describing the system 
and the appropriate interpretation of the calculated results. The use of 
a computer for the smperrision of the present-day air traffic system be-'t 
longs to the first category o 

5o The Problems of Programmin|^o 

At the present state of the art^ automatic computers are not yet 
able to exercise any imaginati¥e thinking. Their whole course of action 
or commutation must be explicitly outlined to them beforehand in. terms of 

orders and instructions,, A computer can, recognize a situation oidy if it 
has been programmed to recognize it^ and hence it is vitally important 
that all possible alternatives and situations be planned for in setting 
up the ealculatioMo 

The first step in the planning for the use of a computer in a 

large-scale control problem consists of a careful and exacting study of 
the physical system itself o This study must enable one to determine all 
the possible situations that might arise and the appropriate action whi®fe 
would be taken in these cases^ In effect^, this* requires that a detailed 
handbook of instructions j, carefully indexed and cross»referenced^ be com- 
piled o 

As noted previously^ the logical effect of the bg order is to 
give a yes or a no answer to the question of whether a particular number 
is negative or not<, Siirprisingly enoughp almost all physical situation® 

can be resolved into a series of such questions. In this sense the gen- 
eral action of the computer could be described as the repeated process 
of sensing whether a condition exists (a yes or ^ ajaswer) and then per- 
forming certain actions o 

The analysis of a problem generally permits one to state the 
required computer program as a series of statements 5, each of the forms 
"•If condition A- exists^ and if condition B exists^ and if condition Q. 

exists, o o o OOO0 *»*^ i^ ©andition M exists^ them action ¥ is to be taken. 
If there are separate conditions ^ each of which can take either a favor~ 
able or an unfavorable state ^ then there would be 2^ statements and 2^ 

different actions. In many casesj, a good deal of these conditions and 
actions will overlap or coincide 1, but in any event it is obvious that 
the problem and its solution stated im terms of all possible conditional 
statements and actions would be cumbersome <, A neater and more concise 
phrasing is usually possible with a flow diagramo 



w 
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A simple oxampl« of a flow diagram is givem i& Figure 8^, where 
actioK W^ is taken if conditions A and B exists while action W2 is taken . 
if A does not exist and C does exists As notedp the flow diagram is in<» 
complete in that it does not indicate what oectirs if B or C do not ex- 
ist^ or what happens after actions W^^ and W20 It is seen that a flow 
diagram is more convenient than words in describing the action to be 
taken tinder stated conditions <> 

Generally speaking there are a number of different ways in 
which a problem @an be handled^ and the statement of a flow diagram mmst 
be based on the assumption of a particular method <, The assumption of a 
method of solution and the construction, of a flow diagram must in turn 
be based on a knowledge of how the comput®r would proceed to separate and 
distinguish separate conditions and how it would carry out the desired 
actions by means of the available orders „ 



The next step in preparing a program for the computer is the 
process of codin^^ or translating the problem, into the actual machine 
language — the specific orders and numbers o The end resiilt of the cod- 
ing process is a coded pro/^am for the computero From this coded pro- 
gram the storage space and operating time requirements for the program 
can be determined. If it is found that the solution requires more stor- 
age space or operating time than can be allocated to the problemp a new 
method of approach^ a new flow diagram^ and a new coded program must be 
madee 

Although the process of coding can be done- in all degrees of 
complexity I, less sophisticated programs are likely to be quite uneconom~ 
ical in storage space. It has been found that an experienced programmer 
can usually effect a 20^ saving in programs coded by newcomers^ these 
savings being made possible by the knowledge of special methods and 
techniques. An experienced programmer is usually able to discern parts 
of programs which have some amount of similarity^ and in su®h eases he • 
does not use separate orders for each of these similar portions, but 
rather he uses a subpro^am or group of orders which can be put to joint 
use by various sections of the maim programo 

In summary p the general requirements for using a computer in a 
problem are two-folds first ^ the problem must be analyzed and a proper 
formulatiojli of the solution must be made in terms of conditional state- 
ments or a flow diagram — that is, the problem must be reduced to a 
logical f ormulationi secondly^ the flow diagram must be mechanized in 
the language of the computer with due regard to the capabilities of the 
computer and its associated inpmt»output equipment. The two phases of 
the planning for the use of a computer entail considerable analysis and 
study? the first to ensure that all possible conditions are met and' 
treated I the second to obtain favorable storage and time requirements 
and to ensure proper functioning of ^ the program in terms of the com- 
puter orders o 
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1. Re]ffreseBtaticm of mformatioa 

In accopdaace "with the discmsslon la the first part of this 
chapter, the iaforoation stcxred im the Whirlviad Coiapmter relates to the 
operatlcais to "be performed, the addresses of part icijlar storage positioas 
used im these operations, and to data retained i^ certain storage posit- 
ions « Birect digital representations are msed for the addresses and for 
the ntaserieal data, vhereas a eoded numerical representaticm is used for 
the various operations which are otheafwise specified hy two-letter ah- 
hreTiations, The computer, can, ija effect, store and handle non-nuiierical 
quantities — for example, alphahetic information — if an appropriate 
coded numerical representation is used, 

_ The number system chosen for the digital representation in Whirl- 
iriM is that with the base (or radix) 2, As contrasted with the more 
fsmiiajar decimal system whi^h uses numbers iftose digits may he ©, 1, 2, 3> 
»<»<,• 8, and 9, the binary system isiiploys only the digits and 1* In 
either system the magnitude and position of a digit specif ies a particuinr 
multiple of a power of the base. For example, the decimal number 203 -f 
is interpreted as 

2<,10^+ 0*lCp'-h3a©^-f 9»1©-^ 
The binary number 1011,©1 is interpreted in a simijar fashion as 

1.23^- 0.2% i.aH i,g®-(-0ot-^+l,2-^ 

For purposes of convenience in reference, each piece of inforip- 
ation retained in a storage position is termed a word > As noted in pre- 
vious sections there are two types of words ^~ one is an order or in- 
struction which consists of a specified operation and an associated ad- 
dress » the second is a number or piece of data* Words in Whirlwind are 
16 binary digits in length; the assignment of these 16 digits for orders 
and nui#ers is shown in Flgtare 9* 

J& representing a nuiriber the first digit position is reserved 
for the sign digit, while the other 15 digits are ccaasidered as numerical 
digits with the binary point at the left* The following conventions are 
employed; if the number is positive, the sign digit is © and aH other 
digits correspond to the biniry digits of the number; if the number is 
negative, the sign digit is a 1 and the digits of the word are the com- 
pigments (0 for 1, 1 fear 0) of the positive magnitude of the number* 
This particular representation of n%^tive nuuiberS is fcnciwn as the 
"nine's -complement" and is used f or coavaaaiiaace in aritlametic operation* 
It should be noted that there are two representations of zero; 

+ z 000 000 000 000 000 
- = 1 111 111 111 ill in 
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With th« representatioa us«d and th« position of the biaary poiat at the 
left J, the numbers which can be stored are -I- Oo -0, and all integral Mul- 
tiples of f 2"°-^^ between - 1+2'"^^ and 1 - 2-15, The choice of the po- 
sition of the binary point at the left means that multiplieatiye constants 
or scale factors must be associated with the storage of quantities out- 
side of the range - l-|-2""-^^ to 1 - 2'"^^o For example if a number of 
angles ranging between 0© and 360° were to be stored they eould be stoi?ed 
as 0/720® by the use of the scale factor 1/720 <, 



representation of orders or instructions is shown in the 
lower part of Figure 9o The first five or left-hand digits of an order 
are used in the binary-coded representation of an operatiotto These five 
digits suffice for th» definition of 2^ or 32 operations „ The remaining 
11 digits at the right-hand end of the -.word permit the specification of 
2^-^ or 204B addresses of storage positions o 

Reference to Figure 9 shows that orders have the same appear- 
ance as niambers or data^, each being a li6-digit binary wordo Given a 
word from the internal storage of the computer^ one could not identify it 
uniquely as an order or a numberi a word obtains significance as an order 
or number depending upon its position and use in a computing program* An 
important result of this fact is that arithmetic operations can be carried 
out upon orders as, well as numbers making it possible to change the ad- 
dress sections of orders and hence obtain greater versatility in the use 
of these orders » 



The fundamental reason for the use of the binary system of not- 
ation is its great convenience in electronic manifestation. The fa©t 
that any digit in the binary system ©an only be a or a 1 enables one to 
represent a digit by a device ot means capable of two distinct and dis- 
tinguishable modes of operation. The static representation or storage of 
a digit is possible with a flip-flop „ a bi-stable circuit of the E@©les- 
Jordan type. Storage of a digit is also possible by the presence or 
absence of a charge on dielectric siirf ace« The dynamic representation 
or transfer of a digit is possible by one of two conditions on a trans- 
mission line — either the presence or absence of a pulse, or the pres- 
ence of one of two different voltage conditions. Through the use of 
electroni® elements in essentially either an on or an off state^ large 
signal-to-noise ratios arm obtained with a corresponding increase in re- 
liabilitjo 

The internal operation of the computer is organized and carried 
out by the transfer j, routing^ and storage of jjulses or binary digitSo In 
performing the majority of the computer operations^ a number of associated 
pulses must be dealt with — arithmetic operations requiring aaaipulatioa 
with 16 digitSo One of the factors behind the high speeds obtainable in 
Whirlwind (see page 11 ) is the simultaneous transmission and operation 
upon digits by parallel identical channels , This is to be contrasted to 
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a possible serial manipulation using but a single channel. 

The arithmetic and control elements of Whirlwind are compounded 
froift flip-flops 8.nd other standard pulse-technique circuits. Storage reg* • 
isters built of flip-flops are used in both of these elements; however, 
the cost of such registers precludes their use on any other than £. small 
scale. The large-scale internal storage mediura in Vihirlwind is composed 
of specially-de signed electrostatic storage tubes. Binary digit infor- 
m;9tion is stored in these tubes as charges on a dielectric surface.-*" 

The design specificstions of the storage tubes call for a tube 
capacity of 1024 (2^^) binary digits, A parallel storage system is used 
whereby each digit of a word is stored in a similar position in each of 
16 tubes. In this fashion^ the deflection plates of all I6 tubes are 
operciited in parallel and a complete word can be read into or out of stor* 
age in the same time that is required for the storage or recovery of a 
single digit. By using two blanks of I6 storage tubes each, a total cap- 
acity of 2 X 2-^^ or 204B words can be achieved. This corresponds to the 
existence of 204^ sixteen-digit registers. 

In their final form it is expected that the storage tubes will 
permit the storage or extraction of a word in 6 jaseconds. At the present 
time neither this projected storage access time nor the planned storage 
capacity has been achieved_j, although progress is being raade towards these 
goals^ The storage tubes now permit access times of about 20 - 30 ^iseconds^ 
while the operating capacities of the tubes are 256 digits each, Vath 
only one bank of tubes installed, the existing capacity of the storage 
element is 256 words. The computer has been operating quite satisfactor- 
ily for a period of six months at this capacity, and present plans are to 
double this capacity within a year« 

3« The Control Element 

"^he general functioning of the computer is best described as a 
continued repetition of two basic steps? 

a) obtaining the next order (operation and address) to be 
performed 



b) carrying out the operation specified in that order. 

The control element of the computer supplies the necessary 
pulses for both of these steps, and carries out st«p a) itself. Step a) 
is always the same, and relates to finding out where the next order is 
stored J, obtaining this order from electrostatic storage^ and preparing 
the Machine to carry out that order ^ The second step, that of carrying 

la Reference 28 
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out the operation, varies according to the nature of the operation and is 
iiBUBHy carried out by the control element in conjnction with the arith- 
metic, storage, ii^ut, or output e3.ements» 

St^p a) above is perfcamie^ in 8 iiseconds plus the time for one 
storage acc^ss^ Step b) usually iinrolves at least one storage access 
plus anyi^ere v^ to about 2lt usecoi^s for the longer arithmetic operations- 
At the present time the average co3|i$>uter order is pecrformed in between 5© 
and lOG usecondsl in the future t|iis time should be reduced to betseen 
20 and 30 useconds 

h* fhe Arithmetic Element 

!Ehe chief coB5>onents of %e arithmetic element are three 16- 
dgit flUp-flop registers* These registers — The A register QlR)p B 
Register (M), and Accumolator (AG) -— have a striking correspondence to 
the keyboard and counters of a desk calciilator The AR is buffer reg- 
ister by which information is fed into the arithmetic element^ i^ile the 
AC performs the bul^ of tlie arithmetic work* The BR act? as a part of 
the AG and is used chiefly for multiplication and division* 

!I5ie basic arithmetic abilities of the «rithmetic element are 
addition^; subtraction^ mutiplieatio% division^ shifting (moltiplication 
by powers of 2)^ and point-off (finding the characterastic of log2X« The 
arithmetic orders of ihe machinei — and it has alrfady been laoted that 
the choice of the orders is based chiefly o^ oenrelienee and flexibility 
-- also have certain added features dealing if$.th round-off^ magsitudes^ 
et©# 

There is a considerable amount of fine detail regarding the 
effects of the arithmetic orders and other orders used in the machine^ 
these effects relating to matter of electronics^ Ipgical necessi^i^ and 
convenieneel for reference these ordei^ are s^smmgirized in Appendix 1# 
literature dealing with the use of these orders is listed iM the Biblie- 
graphy- !♦ 

5. jBij ^ut-'^'Output 

Information is introduced to and extracted from ^irlwind prim^ 
sriXj as electrical signals* At the present time the ii^ut and output 
equipments are fed and receive their signals from several flip-f^^ reg*- 
isterSj this arrangement is only tempoiy and in its f inal f ©r the 
3Link between the coisputer and the outside world will be a '^neral-piarpose 
iiaput^output regis ter, together with and in-out switch for selecting va3>» 
ious pieces of terminal equipment* 

A large variety of ir^ut and output equipment has been con?» 
sidered for use with^ ^Irlwind (see Figore 6)^ Up to quite recently the 
efforts have been directed towards the use of photographic film and 
punched paper tape* Extensive use has also been made of cathode r^ 

1* References 25* 2? 
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displays and a typewriter-printer as output means , The paper tape 
equipment used is similar to that employed in standard teletype applica- 
tions^ and the procedures and conventions employed are such that direct 
input from or output to teletype equipment could be easily obtained* The 
flexibility of the computer makes it readily adaptable for use vdth other 
types of equipment^ the choice of external equipment depending chiefly on 
the applications for which the computer is to be usedo For use of the 
machine in general non-real time applications ^ magnetic tape units are 
now being prepared for use with the computer | the use of the machine for 
real~time applications will probably utilize a magnetic drxam either for 
additional external storage or as a buffer storage for information from 
asynchronous source So 

The ptmched paper tapes are used both for the supplying of the 
initial contents of storage — orders and data ■ — as well as for data 
needed later in calculations «, The slow, mechanical paper tape units per- 
mit special techniques in the reading-in and reading-out of date, and also 
allow rather thorough checking of the input data^ Further comments on 
this subject are made in the succeeding chapter where the input-output 
problem is discussed in relationship to the air traffic control applic- 
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CHAPTER I¥ 

Input«Omtput C onsiderations for the Computer-°Contr oiled System 

Although the general purpose of this study is to consider the 
mechanization of the present-day system without any essential changes in 
the techniques and methods currently employed^ one obvious change which 
must be considered' is the means of introducing the information concerning 
aircraft moTements and weather conditions into the new controlling ele- 
ment of the system—the computer » The problem is essentially one of 
handling and processing large quantities of information » A large amount 
of information and data must be supplied to the computer in a never-ceas- 
ing flowp and the computer in turn must provide information in the form 
of instructions for the control air traffic o The information-handling 
problem must be satisfactorily resolved ^ or it stands as a possible bar- 
rier to the success of the computer applications if information cannot 
be supplied to and withdrawn from the computer in the proper manner — with 
due respect to speed and accuracy «— a computer=controlled system is not 
xeasiDJLeo 

This chapter first discusses the data-handling presently in- 
volved in the en'-route phases of air traffic controls A second section 
outlines in fairly general terms a system which will meet the existing 
requirements 5, while a third section discusses certain aspects of the 
use of the proposed input-output systemo 

A, Inf ormation-HaMling in the Pre sent -Day System 

The controlling element in any scheme of air traffic control 
must have (a) ready access to current information regarding both the 
flights in progress and those being planned^ (b) as extensive a knowledge 
as possible of existing and expected weather conditions^ and (c) com- 
plete information regarding conditions at and about the airports. Under 
the pre sent- day system this information comes to the controller from a 
variety of source S|, and in a number of different wayso 

Information regarding commercial and military flights is ob- 
tained by the controllers over an interphone system from operations 
offices established by the commercial carriers and the military services. 
These operations offices are in direct radio contact with their aircraft j 
they file the initial requests for a clearance (Approval Requests), and 
relay flight progress reports from aircraft in the air,, Private, civH, 
and noB«scheduled flights -« this class of traffic being termed "itiner- 
ant'* by the controllers— either subscribe to privately-operated commun- 
ications stations or use the Flight Advisory Service-'- rendered itinerant 
traffic by the Civil Aeronautics Administration and the Weather Bureau, 
Reports concerning certain a ircraf t are also received by the center con- 
trollers via interphone from centers in the neighboring control areas. 



The Flight Advisory Service performs for the itinerant traffic the 

general functions of an operations office, ~" 



Report R»'203 

The last-'Miniite requests for takeoff clearance for aircraft 
(Clearance Requests) are received via interphone from the tower operators 
when the aircraft are ready to depart* The center controllers are sup- . 
plied with up-to-the-minute infonaation regarding acceptance rates and 
stack heights at the airports by approach controllers in the airport 
tower So Quite recently the use of VHF radio has permitted the center coa- 
trollers at Boston to establish, limited but direct contact with pilots 
as an aid in sequencing for landing o This innovation has not yet been 
made a national practice » 

Weather reports are normally received at the control-centers 
by members of the Weather Btareau who collect reports from regular observa- 
tion points ¥ia teletype^ analyze these reports^ and then distribute the 
information to the cont roller So Further information regarding weather 
conditions is obtained directly by the controllers via interphone^ both 
from airport towers and from operations offices which relay observations 
from the pilot So 

The flow of information also proceeds in the opposite direct- 
ion o Instructions!) confirmations^ and information destined for the con- 
trol of en^route traffic leave the control centers over interphone on the 

way to operations offices^ airports^ or centers in adjacent areas* 

The amount of information handled by controllers can be quite 
large^ depending of course upon the weather conditions and the density of 
traffic o During a '*busy session" at the Boston Center it is not unusual 
to see ten controllers and their assistants continuously accepting and 

dispatching messages over the interphone So The situation is further com- 
plicated because the information arrives from a large^ number of indepen- 
dent sources o Each controller has access to 10 » 20 circuits^ each cir- 
cuit having up to five parties o There is no switchboard to give any or- 
derly flow to calls 5 and at peak loads a controller usually has a backlog 
of uaanswered calls awaiting his attentioMo 

Bo An Outline of am Input-dutput System 

The computer can only utilize information in a binary form, and 

can generally only initially accept this information as binary-type elec- 
trical signals o One of the first problems in the input-output arrange- 
ments^, then^, is to convert the information which originally exists in 
written or oral form to the required binary signals « Of similar import- 
ance is the necessity to convert the binary=type electrical information 
produced by the computer to a form recognizable and usable by humans* 

The conversion of information to binary electrical signals and 
the transmission of this information to the computer site can probably be 
best accomplished with a minimum of expense through the use of existing 

teletype facilities and techniqmeso 

lo Reference 29 
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The introductdon of information to the system would be by laeaias of tele- 
type typevrriter units situated at the locations presently connected by 
interphone to the control centers»»that is^ at the airport towers, op- 
erations offices^ weather observation stations^ etc,| the present sys- 
tem of radio communication between the aircraft and ground installatioas 
would be retained o Messages introduced into these input typewriter units 
would probably not be directly transmitted over the teletype system, but 
would be temporarily stored on punched paper tapes (see page 47). The 
information on these paper tapes could then be read to the teletype sys- 
tem by means of mechanical or photoelectric tape readers* 

Considering first an individual input unit (typewriter) liaked 
directly to the computer^ the factor of speed evidently is of major im- 
portance <, At one end *of the link is a human operator capable of typing 

only a limited speed— the limitation either being of the human or of the 
input unit itself ^^^and at the other end is a high-speed computer which 
operates most efficiently when accepting data at a rapid rate^ Some 
speed-up of the input earn be obtained through the use of paper tapes 
and photoelectric readers^ but the speeds of these readers as well as 
bandwidth considerations in a low-^cost coimEunication link will not per- 
mit the improvement necessary for efficient utilization of the-informa- 
tio® with high computer speeds ^ and it would appear that a buffer storage 
device must be usedo Similarly^ in satisfying the reqiiirements of haM- 
ling information flowing away from the computer^ a storage medium is 
needed as a buffer between the output of the computer and the relatively 
slow output typewriter imitso 

The buffer storage medium which is to provide the necessary 
flexibility in speed should also be capable of providing a means of 
channeling and sequencing the flow of information arriving from a large 
number of independent input units « Although on the input end there is 
no question of the destination of the messages— all messages going only, 
to the computer»"it does become necessary to provide a means of routing 
the outgoing messages from the computer to the individual destination^ 
this function could be handled by the buffer storage unit* 

The most suitable buffer storage device^ from the viewpoint of 
availability^ reliability^ flexibility ^ and cost, would seem to be a 
magnetic drraa on which information is stored by magnetizing small port- 
ions of the drum surface » A drum presently being marketed by Engineering 
Research Associates has the following characteristics s 

a) speed of rotation of 3600 rjaa 

b) 204B angular storage positions arotand the drum 

c) BO channels along the length of the drum, each 
channel being provided with a reading writing 

heado^ 

lo Reference 38_^: 
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These BO chaimels permit a capacity of some 160^,000 bimary digits; increased 
capacities are easily obtained by using longer drtamso The drtaa cam also 
be efficieatly broken down into smaller units by the appropriate grompiBg 

of individual channels into field @o 

iBformatiom can be stored on the drum in a number of ways 5 ia- 
formation can be introduced in a parallel manner with the digits of each 

piece of information each being stored in a different channel but all at, 
the same angular positions^ or information can be stored in a serial man- 
ner with each digit using a successive angular position in the same chaa- 
nelo Techniques such as these would be employed to handle the m.essages 
arriving from the individual input unitsi in particular it might be de- 
sirable to assign a field on the drum to each input umito 

With the speed of 3^00 rpm^ information can be introduced to or 
read out from., successive registers or angular positions on the drum every 
8 ^seconds p a speed even faster than that at which the information can 
presently be inserted or withdrawn from l/^irlwindo However 5, by making use 
of nom=comsecutive registers and by utilizing some of the drum channels 
for control information^ almost amy desired reading and writing speeds caa 
be obtained o For example 5, pieces of information could be introduced into 
consecutive registers once each drum rotation (I6 milliseconds) and could 
then be read out during one rotation of the drim at 8 ^seconds intervals « 
It is this type of operation which could be used to permit the desired 
speed increase in imformation coming, from the input ?MitSo 



A schematic representation of the major components of the pro- 
jected input system is shown in Figure lO, Information introduced into 
the system would be processed onto paper tape and would them be read to 
the teletype system, and transmitted to the computer sit@o The Drum Con- 
trol would supervise the reading of the information to the appropriate 
fields and registers of the drum^, and indications would be given to the 
computer by the Drum Control of th@ times at which the computer may pro- 
ceed to withdraw information from a selected portion of the drumo The 
automatic and direct insertion of the information to the computer through 
an input-output register would be under the joint control of the computes? 
and the Drum Control o 

The read^-in of information to the computer would be done period- 
ically at about oae-minute intervals This periodic read-im would provide 
that no message would siaff er too long a delay on .the drum. On the other 
hand J, in order to handle expected variations in message traffic the compu- 
ter would also be programmed to execute a read-in whenever a sufficient 
amount of inf ormatioa-^-usually a sufficiently large block— had been ac- 
cumulated o Signals indicating the presence of such a condition woiild be 
provided to the computer by the Drum Control o 

As noted in Figure 10 there will be a number of remote locations 

each supplied with input unitSo As mentioned in Chapter I^ it will prob- 
ably be necessary for a local operator to insert control instructions and 
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information into the computer » This would probably be done "^ a special 
input unit at the eomputer siteo It will probably also be n^eessary for 
there to be a special channel or m^ans of communicating, with the compu- 
ter for high-priority emergency messages. 

The arrangements for the output of information from the cokqju- 
ter would be quite similar to those indicated for the input, i^tnd the sama 
equipments would be used. The con^uter would aceomolate a eeiftain amount 
of information, and then would perform a hi^MSpeed read^^ut ^o the drum. 
Provisions would be made to read out information i^enever a cjertain quan- 
tity of output information had been accumulated; however, in order to 
guard against long delays during slack periods there would b^ a periodic 
read^out from the computer; regardless of the amount of information which 
had to be collectedo The Irim Control would share with the ooarputer the 
direction of the read-out of the information to the drum where it would 
be stored prior to transmission t0 the remote sites. 

C. Farther Gons^derati¥n¥ if the TJse of the Terminal Equipment 
lo Reliability and Ghsckiii 

As noted in Chapter I, in order that the use of a eoBtputer as 
the central element of an air traffic -system reach any d^gn^e ©f feasib- 
ility, the reliability of the c^asputer must be extremely hifh. It is 
similarly inqserative that the input-output system possess a l|igh degree 
of reliability, and further- that "it be operated in an error-|tee manner 
with great care being taken to avoid those errors due to human operation 
as well as errors arising from deterioration or failure of mechanical or 
electrical coi^onents. 



M. large niniflsgr' of" me thod s Im vfe been developed to improve 
reliability of communicatl^ans. 3te5# of the 

information over the same^or^ duplicate^ facilitiwa and the transmission of 
the information in cod«#forffis^itt^^ to checking. 

The problems which arefeneountered^Te^uite similar to those which arise 
in connection with the internal reliability of coE^uters, and similar 
steps and techniques will have to be employed to obtain satisfactory op- 
eration. 

Certain precautions must also be taken with regard to the human 
element associated with the terminal equipment. Extreme care must be tak- 
en that the messages be correct in content, and that they be properly in- 
troduced into the system. Such precautions would probably take the form 
of repeated handling of the messages during their preparation and typing. 
This handling would probably entail duplicate or cheek typing of the mes- 
sages | a first typing would be used to prepare a tape against ^ich a 
second or duplicate typing could be compared. This increased message 
handling should in itself greatly reduce the ntmber of message errors and 
prevent improper preparation or encoding of the messages. 

It is always possible, however, that compensating errors in the 
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tramsmission of the message will permit am error to enter the computer un- 
detected^ and it is similarly possible that the original message upon 
which the first and second typing were based might have an undetected 
error o In either case^ the resulting errors in the messages maj be of 
an obvious kind or m&j be rather subtle and difficult to detect. An 
example of an obvious error would be an air speed of 800 mph rather than 
300 mph I an example of a more subtle error is the filing of a requested 
altitude of 7000 feet instead of 9000 feet. 

The obvious type of error can be detected by an alert human op- 
erator if it arises in the initial message 5 similarly^ the computer may 
be programmed to spot such errors which arise mechanically or electrically 
and which escape the measures used to check the transmission. The subtle 
types of errors provide a great deal more difficulty in their detection. 
Such errors are kept to a minimum in the present-day system, by a large 
amount of repetition in successive messages pertaining to a single flight. 
That is to say, each message not only contains the pertinent information, 
but is also likely to imclmi® a certain amount of information which is 
redundant c A particular example of this is the repeat-back by the con- 
troller of all the details of a flight plan even when the flight plltn has 
been approved without change <, If this type of operation proves to be 
necessary in the computer-controlled system it can easily be . i^orporated, 

2, Conversiom 

Th® input units mentioned earlier in this chapter permit a dir- 
ect translation from oral or written information to electrical signals of 
a binary natmre. It is necessary^ however^ to specify the relationship 
between the oral or written information^ the binary information produced 
by these units^ and the l6-digit binary words stored by the computer. 

Most of the infonaation im air traffic control communication can 
be rather easily abbreviated into groups of three characters, each char- 
acter being either a letter or a decimal. digits Upon this basis, input . 
messages would be made up of sequences of three-character groups of words. 
Each of the characters used would be translated by the input unit into a 
combinatiom of binary digit s| if the direct binary representation were 
used for each decimal digits then am airspeed of 185 mph would be typed 
into the unit as 185 and would result in the flowing sequence of binary 
imformatioas 

0001 (afl) 
1000 (==8) 
0101 fe=5) 

Infortumately there are 26 English letters and 10 decimal digits,. 
and this total of 36 characters would necessitate the use of six binary 
digits in the representation of these characters! a group of three char- 
act ers^ then^ would require 3x6srl8 binary digits and hence could not be 
conveniently stored in a Whirlwind register* The most convenient arrange- 
ment for the internal storage of the three-character words, in Whirlwind 
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would be to have but five binary digits per character. This, of coiarse, 
would create 15'=digit wordSp although at the expense of there being only 
32 different characters which could be used. Fortunately, it appears 
that a limitation to 32 characters would not be particularly restrictive 
inasmuch as all of the alphabetic characters are not used in traffic con- 
trol messages,, 

Since the restriction to five-digit binary-coded pentads is 
made necessary only because of the existing register length of Whirlwind, 
the prbblem is probably not of sufficient generality to merit detailed 
consideration c It might also be necessary that the transmission of the 

messages in the teletype system include the transmission of extra digits 
with each pentad for checking purposes o For these reasons, it will mere- 
ly be assumed that the binary-coded pentads can be formed and transmitted 
to the computer. This does not necessarily place asiy particular restrict- 
ions on the input units or other elements of the input-output ^stem; if 
desirable, the input-output system may operate With ordinary teletype 
techniques and the necessary conversion to the proper pented form can b« 
carried out just prior to the storage of information on the drum. 

It should be realized that the three^c^aracter words made up 
of binary^-coded pentads represent meaningful information, as do pure 
binary numbers— the chi«f difference being that the computer operations 
of addition, subtraction, multiplication, etc, are meaningful only with 
pure binary numbers <> One jpaajor reason for a further internal conversion 
from binary-coded pisntifcdl lo pure binary form, then, is to permit ease in 
arithmetic manipulation* . 

There are several other important reasons, however. One of thas* 
is the saving in storage space. For example, the binary-coded pentad 
representation for the altitude 18,500 feet, abbreviated to three char- 
acters as 1S5, would appear as 

00001 01000 00101 

4-1 8 5 

and in this form it fills a register « In the direct binary form this 

could be represented as 185 x 2"^^ or 

060OOOOOIOIIIOOI0 

In air traffic control work it. is not necessary to specify altitudes 
closer than 500 feet, and in general there would be no need to go above 
a maximum altitudis^ of 63,500 feet. With these provisions, then, a least 
significant binary digit can be "^^Pf jSU^ of as- representing..*. §GO;-f oot 
increment a There are but 128 {^ l^p — h""^ ) possible altitude levels and 
these can be represented by seven binary digits. If these seven digits 
are considered at the right hand end of the register, then altitudes are 
are represented as follows? 
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Feet Unused Digits Used, Digit| 

OOOGOOGOO GOGQOOO 

500 »« OOOOOGl 

1000 » OOGOQIO 

4000 '« 0001000 

32000 ^ 1000000 

63500 " 1111111 

Thus aa altitmde A measured ia feet is stored in the computer as 
the biaary fom^ of ^ ^Z'^^^, With such a representatiom there are nine 

ammsed digits im a register which cam be used for the storage of other 
quamtitieSo Farther cosKaemts on. the mechaniaatlom of the storage of two , 
or more qmamtities im a simgle register are reserTed umtil the next chap- 
ter o 

The problem of com¥®rsiom is rather closely associated with 
matters ©f checking and storage allocatiomo this fact cam be better ap- 
preciated if two aspects of a conTersioM or translatiom process are men- 
tiomedo The. first is the decision as to the emd resiilt of the coHversioa 
"=-that isp to what pure binary form the bimary-coded peatads should "bi 
coMvertedo la the case of numerical infonaatiom the comversiom will be 
dir'ectly to pure bimary formj, suitably scale factored o For facility iia 
the utilization of the available storage of the computer ^ however ^ it be- 
comes desirable to establish a rather arbitrary converlted form for certain 
miMerical and alphabetical quantities,, For example ^ the three«charact«r 
abbreviated form for the Boston reporting point Blight be BOS^ and for 
convenience in determining the sequence of registers containing data per- 
taining to the Boston reporting point it will be necessary to establish a 
particular pure binary equivalent for. the three-character group BOS, 
(The details of this scheme are mentioned in the following chapter)* For 

reasons such as the^e^ the conversion from the binary-coded pentads to 

the pure binary form is not so much an additional, piece of work, as m aid 
in the progranming for the computer*, .,. , ,, 

The second aspect of the conversion or translation is the .means 

by which it is carried omto If there is a definite arithmetic relation- 
ship or correspondence between the original and the converted form^ then 
it is possible to perform the conversion by arithmetic operationso In 

other cases where the correspondence, is not direct . but may actually be 
rather arbitrary^ a stored table .of values must be used for the conversion 
process o With the table-type conversion^ imasmmck as all the unconverted 
forms must be stored in order to obtain one-to-one correspondence between 
the two forms ^ it is an easy matter to discover if a particular unconver- 
ted form does not exist among the stored value s« If such is thi case, 
then it is reasonable to expect that the unconverted form was ill ef J^or© 
Similarly 5 with the arithmetic type of conversion the computer can be 
programmed to investigate if a converted number falls within a reasonable 
range of value So Examples of the use of such checking are given in the 
following chapter 0^ 
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3o Message Form and StandardizatioM 

Im order to be able to properly convert ^ cheeky and then act 
upon the contents of any message, the computer must be able to deter- 
mine what each word (three-character group) of the message represents-^- 
whether it is an altitude 5, speedy reporting point, etc. Human control- 
lers are able to identify various quantities because of their siz«|, 
unitSp or position in messages. Although similar techniques could be made 
to apply to the use of the computer, it is far more practical to use a 
method by which information is identified as to its type only fey its rel- 
ative position in a particular message,, 

At the present time the CAA has no rigid regulations covering 
the contents and forms of adr traffic control messages CAA manuals do 
specify the necessary minimum contents of me s sage sj however p the flex- 
ibility of voice coiamunication and the ingenuity of the human controllers 
have combined in such a way that the contents and sequence of information 
in most messages is varied from controller to controller, as well as be- 
ing varied to meet existing conditions » This is especially true of the 
addition of further information ci^ comments at the end of messages o 

An example of the lack of standardization of message forms is 
the specification of the flight patk of an aircraft « The various report- 
ing points across the country have been given three-letter abbreviations s 
Bostonc^BOS, Ghicago^s-GHI, etc<, In addition, a large number of inter- 
connecting airways throughout the country have been given route designa- 
tions, examples being A5, B3, R12<, At the present time the patfe of an 
aircraft along the civil airways is indicated by one of the following 
methods? 

a) specifying the point of departure, the airways 

to be followed, and the point of landing « Examples 

STL A5 B6 R12 CHI 

b) specifying the point of departure, all inter- 
vening reporting points, and the point of landing 



STL SPI PIA BDF CHI 

c) by a combination of a) and b)o Examples 
STL A5 B6 R12 CHI 

The specification of a path by one of the above methods permits 
the traffic controllers to determine— either from meisory, by reference to 
tables or maps, or directly in the case of b) above— all of the report- 
ing points over which the aircraft will pass en-route. This is a condi- 
tion which must also be met by the computer,, Inasmuch as a route design- 
ation such as A5 implies a number of reporting points along that route^ 
it would be possible to program the computer to convert a path designated 
in form a) or c) above to the series of desired reporting points as givea 
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in b)<, The storage requirements for such a conversiom^ however, are like- 
ly to be excessive^ and it does not appear to be too restrictive to assuae 
that a path vrill be specified to the computer only as a list of successive 
reporting points « Similarly, the form of all messages incoming or outgoing^ 
mast be standardized — each piece of information having a designated po- 
sition in each type of message, with particular type of any message being 
designated by a key word early in the me s sage » 

4ff Computer Operation As Refi^ards Input-Outpufe 

The present facilities and computer orders for the input and out^ 
put of information from Whirlwind were designed chiefly for specific appli- 
cation with photographic film units, and as such are not applicable to the 
input-output problem under considerationo 

The input and output of information from paper tape uses rather 
makeshift arrangements as a temporary expedient until general purpose in- 
put-output equipment can be designed and installed o The handling of this 
problem has been such as to put the burden on computer programs, with the 
computer executing a number of orders between successive read-ins or read- 
outs 5 these programs process and store the words during a read-in, pre- 
pare and transmit the words during a read-out* Such a technique is fea- 
sible only under the rather special conditions and slow speeds which exist 
with the paper tape equipment | since the reading and writing is done at 
such a slow rate, there is not much of a decrease in the input or output 
rate due to operation of the computer between the handling of successive 
lines on tapeo 

With the use of a drum as a buffer storage, information can be 
made available at a rate which is cospiensurate with the speed of the com- 
puter itself o In brder to meet such a challenge, it is felt that there 
must be no intermediate action by a program, with its resulting delays, 
in the following respects? 

a) taking the pentads from the drums 

b) performing any necessary checking operations on the trans- 



c) assembling three pentads to give a complete word 

d) storing the assembled words in the registers of Whirlwinds 

Special orders would probably be necessary to perform these functions most 
ef f icientlyo Similar orders would be needed to perform similar function® 
in the output of information from the computero 

The general scheme of operation would be to have a l6~digit in- 
put-output register connected directly to the I6 digit columns of Whirl- 
wind » The binary-coded pentads would be introduced in sequence into this 
register which would then perform the necessary shifting and checking oper- 
ations to assemble three pentads into a computer wordo While the components 



Report R-203 

of one word were being read in from the drum and assembled in tke input<» 
output register^ the previously-formed word would be stored in the in?" 
ternal storage of the machine « As an aid in handling the messages^ 
special key words would probably be used to indicate the end of a message. 
Normally p an acknowledgment of receipt of the message would ^ in time^ be 
sent to the message originator* If an error were detected in the input 
message the computer would take steps to send a message to the originator 
of the message to perform a retransmission | an indication would also be 
given to a human operator that an error had occurred so that appropriate 
maintenance action might be initiated „ 

There are two special cases of errors in the input whi©h 
should be mentioned » In one case the error might happen to be in the 
word which designated the originator of the message. To guard against 
this eventuality it would probably be necessary to transmit the word 
designating the originator both at the beginning and end of a message* 
Equally serious might be an error which lost part of a word or which 
caused a change such that in reassembling the message in the computer 
a staggered version of the original message was obtained o Such a con- 
dition might not be noticed immediately j, and even worse, the key word 
indicating the end of the message might not act properly^ Here again, 
the repetition of certain words and a special form and means of distin<s= 
guishing the key word would be necessary. 

Somewhat similar considerations to those mentioned above apply 
to the read=out of informationo The words of the message, three pentads 
per register, would be prepared by the computer « A special order would 
read the words from storage into the output register where the shifting 
and transmission to the drum would be performed. From the drum the 
messages wotild be transmitted to their destinations. Messages on the 
drum would not be obliterated until an acknowledgement had been received 
indicating that the message had arrived safely at its destination,, 
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CHAPTER V 

Storage 

The operation of the cou^puter requires the st<a«ge of both the 
necessary machine orders and the infownation and ^ta t^on ^ich these or- 
ders are to operate o Inasmuch as the infoiiaiation-hancQ.ing aspect of the 
air traffic control problem is of the utmost ii^ortance, it is necessary 
to consider the means and methods of storing the large quantity of in- 
formation and data to be used by the ccar^uter* 

This chapter first considers the nature and characterization 
of the stored data, and then discusses techniques to be used in its stor- 
age and utilization, especially in ll^bt of a general need to economize on 
storage space « Several flow diagrams are included as a means of illus- 
trating particular storage programs o A final section of the chapter men'*^ 
tions several possibilities offered by the availability of an external 
storage medium*, 

Ao Data Storage in the Present-Day System 



The tjperation of the^present system of traffic control requires 
the sto37age and utilization of a large amoimt of inftjrmation and data o 
To a large extent this consists of data which is made available to the 
controllers in the form of messageSo This includes infoMJation concern- 
ing current and projected flights, traffic conditions near airports and 
in ad jacent areas p and information regarding weather conditions • This 
general type of information is of the trans leht type j it describes the 
present conditions of the variables in the system, it has but a limited 
time of application, and it must be renewed or replaced at frequent in- 
tervals. 

Except for weather reports, the bulk of this transient inform- 
ation relates to altitudes, speeds, and times of arrival of aircraft at 
the different reporting points » As has been previously mentioned, each 
reporting point is alloted a space on the flight progress boards under 
which the flight progress strips concerning traffic at that point can be 
placed « These flight progress strips are miade out from the flight plans, 
each flight progress strip ess^entially carrying the full information con- 
cerning the flight In a position of prominence on each strip is placed 
the time and altitude at which the aircraft will pass the reporting point 
The flight progress strips aire made out in pencil, permitting easy a.lter- 
ation or correction* These strips are usually sequenced in position Un- 
der each reporting point so as to give the proper time sequence of ar3?iva3s 
over that poitltv 

Other types of variable data — weather inf onaat ion, t raf f ic 
conditions at the airports, etc <,p — are distributed oh paper to the con- 
trollers, or else are displayed on blockboards where the information is 
visible to all concerned* 
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In addition to the data describing the variables in the system^ 
there must be available for continuous use a large amount of information 
describing the system constants. Examples are the geographical locations 
of the reporting points, the separation between reporting points, the 
minimum altitudes which can be flown along a certain route, types of 
radio aids, etc. The controllers must "also be familiar with the perform- 
ance characteristics of all types of aircraft § cruising speeds, maximum 
operating altitude, rates of ascent, rates of descent, etCo Although the 
amount of this ** constant" information is tremendous, in order to ensure 
rapid and efficient operation of the systemi it is all committed to memory 
by the controllers « Even more startling is the fact that each controller 
is required to be able to control traffic ik any of the several sectors 
in the control area, requiring that the controllers memorize these system 
and aircraft parameters for the complete area. The magnitude of the task 
of memorizing the information as well as knowing the general procedures 
for the control of air traffic is eyidenced by the two-year period neces- 
sary for the training of a controller o 

B„ A General Relationship Betwe en Storage Capacity and Operating Time 

It has been the common experience of people who have considered 
the solution of a number of- varied problems on a digital computer that 
there usually exist a wide selection of methods which c an be successfully 
employed for any single problem. Usually these methods vary between 
those which on one hand require a large amount of internal storage (orders 
and data) but permit rapid times of solution, and those methods at the 
opposite extreme which require a small amount of storage, yet involve a 
long solution time. Between these two extremes there are methods which 
permit compromises in storage space or operating time at the expense of 
the other variable « 

As an example of the variation in storage and time requirements 
between different methods, one might consider the problem of evaluating 
a trigonometric function such as the sine for a particular value of the 
argument. One approach is to store a large table of values of the sine 
for various values of the argument. The sine of any particular value of 
the argument can then be quickly found by inspection of the table and by 
the use of an interpolation formula. This method is quick, but does re- 
quire the storage of a table of values. On the other extreme one cam 
use a series approximation to find the 'sine. Here the storage require- 
ments are likely to be small, yet a large number of computer operations 
are necessary to find the desired results. Another commonly oeciarring 
example is that of the longer problems where the results of calculations 
at an intermediate stage are again used at a later stage of the problem. 
In such a case it is a question of whether these intermediate results 
should be stored for later use, or whether they should be recalculated at 
the later time when they are again needed* 

There is, of course, no direct relationship between the storage 
and operating time required for the solution of a problem by various 
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methods of attacko To a first approximation, however, such a relation- 
ship might be of the form 

c ^ s • T (1) 

where £ is a measure of the complexity of the problem, £ is the storage 
space needed 5 and T is the total operating time. Since T results from a 
niamber of single computer operations , this could also be written as 

^* s o n • t (2) 

where s is the number of operations and t is the average time per single 
operations Equation (2) is used only to demonstrate the generally ob- 
served fact that with a fixed time per imit operation, there remains some 
latitude as to the choice of s and n which will give a satisfactory solu- 
tion. 

Of eoiarse it should be noted that there are certain limitations 
which must usually be placed on & and n« In non-real time applications 
the restriction is generally ons, this ijeing limited by the storage speee 
of the computer • In real-time applications there also exists a limit on 
n, since ^ or T must be equal or less than the permissible time per sol- 
ution permitted by the physical system<^ 

lo Storage-Time Considerations in the Present-Day System 

As previously pointed out p the present method of storing flight 
data involves a duplication of the information on all of the flight pro- 
gress strips corresponding to that flight. Since the flight progress 
strips are 'stored together by reporting points n this technique might be 
termed "duplicate storage by reporting points,® 

The cost of additional data sto^rage space is very small in the 
present-day system, and this method of '^duplicate storage by reporting 
points'" produces no limitations from that point of view. Despite its 
seeming uselessness, in general agreement with the relationship of Equa- 
tion (2) this duplication of storage does permit a decrease In the amount 
of work or number of operations o This is primarily due to tl^e fact that 

instead of having to refer to a number of flight plans in orier to de~ 
termine what time relationships exist between several aircraft at a cer- 
tain reporting point, the information is already available, sorted out by 
reporting points. Farther, when by reference to a particular flight 
progress strip one has become interested i:H a: particular flight, there is 
no need to refer to a master fli^rt plan to dete rm in e other character- 
istics of the futiare or past of that fli^t inasmuch as all of the per- 
tinent information is reproduced on that flight progress strip. 

Any other scheme than that presently used would 'be prohibitive 
from considerations of operating time. The large amoxmt of cross-refer- 
encing and comparisons of data which would be necessary in some other 
method would too severely tax the human controllers. It is only by 
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capitalizing on the large redimdancy in stored data that satisfactory op- 
erating times are achieved with the present methods and htJiBan operators* 

2o Storage-Times Considerations in a Compmter-Gontrolled System 

It has been pointed out that in real-time application both the 
s and the T of Equation (l) assijme major importance. In the present ex- 
ample T is limited by the rate at which information arrives at the com- 
pmtor and the rate at which it mast be processed and instructions deter- 
mined for the control of aircraft o The storage limit p of course p is the 
physical capacity of the computer* 

At the outsetp and before any programming has been done on a 
problemp it is impossible to determine the true complexity of the problem* 
In terms of Eqtiation (l) ^ the c is not known ^ and hence it is difficult t® 
say whether any chosen method of approach will produce values of s or T 
which lie outside of the acceptable limitSo In view of the discussion 
above 5> if either of the limits is exceeded It is Itkely that an adjust- 
ment of the other variable will permit both limits to be met* This fact 
can only be confirmed in a particular case p however j by the acttjal at- 
tempt at solution with a new approa«gho 

As a starting point in the consideration of the ^ir traffic con- 
trol problem as applied to the Wiiriwind CQB5aui«rp one is inclined to be~ 
lieve that in view of the limited amount of storage space the emphasis 
shotild be made at conservation of storage at the expense of computer op- 
erations p partictilarly in view ^ the relati^ly low times per unit op- 
eration with this machine o This is the &;&titude which is adopted in this 
chapter and in those that followo 1M.S a^ttitudep howeveTp is not blindly 
applied to all problems which arise p espeeially those in which it is 
rather evident that the duplication of a small amount of data will save 
both in orders and operating time* r 

The foremost application of the principle of stressing storage 
economy is f ptlnd in the imethod ii^lTylr will be^^ M f or th^ storage of 
flight plan data* Rather than storlng^^ this data by reporting points as 
is done at present , thereby^ requiiTaig' a 3ja:^r^^ djiiplicate stor- 
age p the method to be used is that of sttsring all data isom^^tntng one 
flight in a separate group of registers corresponding to that aircraft— 
that iSp the flight data will be ^^^toredisy aircraft o" This means that 
in comparing two flights p the data will not be pre-sorted as to reporting 
points and tl^e computer will have to search and hunt for the data among 
the stored flight plans o 

It is possible to eaqjioystorarg© schemes which involve com- 
promises between the storage of flight plan data purely by aircraft or by 
reporting pointp however the storage r©qiiiTements as well as the ease in 
u-^ilizing the data seem to point towards the method selected* Farther 
reasons which consolidate this attitude shall be made evident in sections 
w^ich follow© 
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C, General Problems Associated with Storagg 
lo Characteristics of the Stored ImforiBatioR 

For coBvenieace in consideriag a number of problems which are 
encountered in the utilization of thB computer's storage space, it is 
desirable to mention some of the general characteristics of the various 
types of information which must be stored. There are two characteristics 
which are of particular interests the first is the permanency with which 
the data can be assigned to a register or group of registers^, the second 
is the amount or length of the storage space which must be allocated to 
various associated quamtitieSo 

A large amoimt of the general data which the computer must 
operate upon can be assigned to permanent positions in the storage « This 
is true of quantities which must always be available for use by the com- 
puter j> regardless of whether the values of these quantities are changed 
or not to correspond to existing external conditions. The important 
point is that this information will be continmomsly needed for program 
operation^, and the persianent allocation will aid theutilization of this 
information by the programs, 

A large part of the stored data fits into the "permanently- 
stored" classification. Examples are the geographical information re- 
garding areas 5, airport^ and airways | conversion table S| aircraft per- 
formance characteristics! and weather information at various points and 
altitudes in the control area. This last example is one in which the 
stored quantities must be varied to meet existing conditions. 

The ^'permanently-stored" characteristic does not apply to the 
flight plan data. Here the data is needed for a limited time only, this 
time being equal to the period that the flight is under control of the 
computer. If all aircraft flew according to schedule p it might be ad- 
visable to permanently allocate a set of registers to each flight| how- 
ever ^ such a scheduled flow of traffic is not achieved at the present 
time, nor even approached under any conditions. Even under highly op- 
timized conditions involving only prescheduled traffic, the efficient use 
of the storage space would require a large amount of double or triple 
tenancy of this space under some form of time-sharing. In order to 
achieve an econoii^ of storage under the moa-preschediiled conditions it 
will be necessary to consider only a temporary allocation of a set of 
registers to an individual flight. As shall be described in the next 
section, this allocation would be made from a common pool of registers 
reserved for that purpose. 

For the most part there will be very little need of storing 
a single, unassoeiated piece of data. Most quantities can be associated 
with larger clas sifications such as flight plan data, aircraft perform- 
ance characteristics, airways data, reporting point data, etc. Under 
the major division by classification, there is a further logical division 
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into the individml flights p individual types of aircraft ^ individxaal 
airways, etCo These may be referred to as the members of the various 
class if icationSo Each of these members of a classification will generally 
require a small block of registers for the storage of the associated data« 
As mentioned p for each member of the aircraft performance characteristics 
classifications, the cruising speedp rate of a^centp rate of descent, etc., 
must be stored* ., 

In considering the member blocks of a single classification, 
there are two general cases | either these blocks are of a uniform length, 
or the block length varies from member to member « Cons tant-length blocks 
are the usual occurrence, a common^ example /being the aircraft performance 
characteristics wherein the same number of. quantities must be stored for 
each aircraft o An example of hon-constant-length blocks is found in the 
storage of the flight plan daiiSo in this case each memlber block corres- 
ponds to an individual flight p aiadsinct the length of a flight is fixed 
by the niamber of reporting points over which it will pass ^ the blocks of 
fli^t daiia will generally vary considerably from flight to flight* 

2o Finding Stored Data 

As a general exaimpiep consider that at some stage in a program 
the computer desires to deal with a certain jaember of a classification. 
As stime that each member in th±a classification has associated with it a 
constant-length block ®fn registers and that the addresses of the con- 
secutive storage registers in the block used for ijhe 1 member are given 
as a^ 2^ Q-i 2s"'°o»<"'H n* ^^ particular the address of the first regist- 
er of ^ the first block will be a-^^© 

The need f or ref erring^ to a particular member of this classifi- 
cation may arise because this member was reieiPred: to or specif ied in an 
input message 5 for example, a flight plan mi^t specify that the air- 
craft under consideration is a IK3-3o The three-character binary-pentad 
designation of any such member will be designated as ^« (Lines above 
letters will be used throughout_this chapter when referring to a binary- 
coded pentad representation) o % would be the appropriate peritad desig- 
nation of the i^^ member. 

A first problem i^ich arises is that of findingjbhe address 
^i,l ®^ "tii® first register of the block corresponding to K> One method 
of attack would be to arrange that addresses a j^ 1^® deri^ble by si^le 
arithmetic operations upon the quantities %. §ince the %9sWill be 
somewhat arbitrary, it becomes convenient to consider a ptire binary num- 
ber % associated with l^. If the M'^s are appropriately chosen as a se- 
quence of consecutive numbers , then in particular it could be set up &o 
that 

aipl« H,l -^^^ %--n. 

In this way the members occupy consecutive blocks of g registers each. 
For example, if %»1, %«2, %aE3, etcoj^ ^1^1^ ^^^s> and n s 10, then 
the first addresses of the member blocks are given as§ 
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MeMber First Address in Block 

100 

no 

120 



The scheme is easily extended to other coasecutive values of M, and caa 
be Modified to utilize other arithmetic relationships « 

As Motedi, this scheme requires that th® M' s be assigned in an 
orderly fashion,, This function is easily performed by an input conver- 
sion tables A neat method of saving space is to let the M's be arith- 
metically related to the addresses of the consecutive registers in which 
the M's are stored <> Thusp given any M^ a search would be made through 
the table to find the address of the register containing the quantity 
Mj^o The address is then operated upon arithmetically to give M^ and henc® 
the address a^ j_o This scheme shall be termed the coded-address method* 

In some cases it is not convenient to have a conversion table 
of the type described above o A particular example illustrated later in 
the chapter concerns the storage of data regarding the various airways,, 
In such a case a different approach can be applied to the problem of 
finding the position of a block of storage registers corresponding to 
a particular member o In this method the member designator Dj_ (this may 
either be a 3-character binary-coded word or any arbitrary binary number) 
is stored in the register whose address is aj^ ^.^ Hence to find the 
appropriate block of registers used for membe^ D^^ the computer would in- 
vestigate the registers a^^ j^^ *2 1^ ^3»X^ ®^^'' ^^^^^ "^^® quantity % were 
found (In this connection it il convenient to have constant block 
lengths J, where ^2 \ r *l»l-f- ^g ao ij^^u-jjt^ ete* This method shall be 
termed the search ^method o * 

A comparison of the above two methods will indicate a certain 
fundamental similarityi in each there is an extra allotment of one reg- 
ister for each membero In the coded-address method this manifests it- 
self as an input conversion tablei in the search method this takes the 
form of an extra register per member block. There is a difference in 
application of the two methods. The search technique is useftil when no 
conversion table is otherwise needed, and is better applied to constant- 
length consecutive blocks. The coded-address technique is useful when 
combined with an input conversion table 5, and is also better designed for 
use when the pure binary designation of the member M must be stored in 
other registers p as is the case in handling flight plan data where the 
designations of reporting points must be stored with each flight plan<, 
In this case^ whereas the M's will each be a full register in lengthy 
the M' s can be shorter binary numbers and as is mentioned in Section C4, 
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of this chapter, they can be stored in a register together with another 
quantity* A further advantage of the coded-address method is pointed out 
below in connection with the handling of non-penaanemtly- stored data. 

In using a block of data it is generally necessary to extract 
and use subdivisions of that blocko As mentioned^ under the classifica- 
tion of aircraft performance characteristics there will be stored the 
cruising speed, the rate of descent, the rate of ascent and the maximum 
operational altitude for each member aircraft,, In such cases where a 
similar storage pattern is repeated for each member block and the blocks 
are consecutive and of the same length, the computer can be programmed to 
look for- say, t^e cruising speeds in registers q^ „^ i s 1^ 2 , „ . « 

In the above case, the computer is programmed to know where to 
find the various quantities,, Such programming is mot possible when each 
block does not contain a similar storage., patterm <, This is the situatiom 
encountered with the storage of flight plan data, where each flight will. 
have a different number of reporting pointSo In order to properly locate 
the subdivi-sioas of the data the number of reporting points in each flight 
plan can be counted and stored as an aid, or else key words can be stored 
to indicate the end of a variable-length section. The latter technique 
is probably best suited to the case of the handling of flight data, 1®"=- 
asmuch as the flight progresses some of the stored data can be eliminated <, 

ih Data 



In considering the problem of handling data which has a perman- 
ent location but which is on non-constant length, a block size equal to 
the maximum expected length can be allocated, and the coded-address or 
search schemes are applicable. Extra registers resulting from any member 
using shorter blocks than the maximum can be used for the storage of gen- 
eral constants needed by the computer prograMo 

When dealing with flight plan data which is non-permanently- 
stored and is of variable lengtkp serious questions arise as to the means 
of obtaining maximum utilization of storage „ As an example of the prob- 
lem consider that a group of registers beginning at address m have been 
alloted to flight data as follows s 

Flight Addresses Nimber of Registers 

I m to m-f- 19 20 

II m -h 20 to m 4- 29 10 

III m 4- 30 to m H- 59 30 

A typical situation which might arise is that in which flight 
II terminates aM its storage space is made free, and shortly afterwards 
flights IV and "V, requiring 25 and 15 registers respectively, wish to 
join the system. The questions which such a situation creates are two- 
folds 

l) How do we determine where free registers are available? 
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2) How do we best decide which flights to assiga to 
free space which is available? 

The first question can be resolved by either storing key words 
in each register when it is made free ■ — such a key word possible being 
a negative number -"=' or by separately storing the pairs of addresses in- 
dicating the first and last registers of available groupso la the above 
example the space made available by flight II cannot be used for flight 
IV because of its short lengthy, while if it were used for flight V five 
registers would be wasted, especially since this leftover space would 
be too short for any other flight. The problem becomes even more dif- 
ficiilt when it is realized that as time passes and the flights progress, 
each flight needs less and less space. Unless this space is made avail- 
able for use^ the efficiency of the use of the stora,g® space of the com- 
puter becomes rather low* 

One scheme which permits a satisfactory solution and which per- 
mits economies in storage would be to shift all data upwards filling any 
free register which might occur j, thus always moving the available storage 
space to the end. Such a scheme is likely to involve considerable time 
and somewhat complicated programming. It is felt that an alternative 
scheme presented below is simpler and faster „ 

The suggested method is one which us«« blocks of a fixed length* 
This block length would be considerably shorter than the average number 
of registers needed for storing the complete data for a single flighty, 
and would probably be of a length sufficient to store the flight data 
corresponding to about two reporting points, A sufficient niamber of 
these blocks would be assigned to each flight so that all of the data 
could be accomodated. The address of the first register of each of the 
blocks would be related to another address in an assignment table, in a 
manner similar to the coded-address scheme. The registers of the assign- 
ment ta!iL® would initially be negative^ indicating free blocks. The stor« 
age of the three-character binary-coded designation of a flight in a^ 
register or registers of the assignment table would Jbrndiekif feker Alloca- 
tion of a block or blocks to that flight. The reporting points in the 
flight plan might actually be stored backwards (although in the input 
message they woiild be in thi correct order*) so that as the flight pro- 
gressed, blocks used to store the reporting points could be made free 
from the end. Fuller details of t^e scheme are given in Section E of 
this chapter^ 

4o Half-Len^h Storajs; e 

As noted in the pre¥ioms chapter, with suitable scale-factors 
and by utilizing the fact that only certain discrete values of "variables 
are of interest, it is possible to represent most of the data stored in 
the computer by only seven or eight binary digits. It can also be noted 
that most of major classifications of storage have less than 128 members 
and hence seven digits suffice for the member designations after tk® 
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comversibn of the iiiputo This being the case^ it appears that advantage 
can be taken of the economies afforded by storing two pieces of informa- 
tion in a single register, H® eomplication arises due to the algebraic 
signs inasmuch as most of the quantities to Be dealt with are positive « 

The present Whirlwind orders are not very well suited for this 
half-length storage — either in the assembling or separation of a com- 
pound wordo Although a special order would be useful, there would not be 
a considerable saving in storage inasmuch as the assembly, separation^ or 
change of a component part of the compound word could be done by a few 
special subprograms which would be usable by all parts of the main pro gram* 
Tie special order would save considerably in operating time, however « 

5o Applications of Programs to Various Blocks of S torage 

Although each of the component parts of the overall computer 
programs wi3JL necessarily apply at some time or another to various mem- 
bers of a classification, the programs as written and stored in the com- 
puter must have definite addresses supplied with the orders* A problem 
which arises^ then, is the adaptability of the programs to the various 
member blocks of storage <> 

Of course^, once it has been determined what the member is and 
where it is stored^ the address sections of the program in question can 
be appropriately modified*, This technique is rather lengthy and wasteful 
of storage, especially when it is considered that almost all of the pro- 
grams must be modified » A more acceptable technique is that in which 
all such programs would be written with the critical addresses referring 
to a fixed set of otherwise unused registers | then for proper program 
operation the pertinent memiber's block of storage would be bodily trans- 
ferred to the fixed set of registers. This trailsfer might be best im- 
plemented by one or more special computer orders, partic|LLarly of the self- 
indexing type| however, as in the case of half-length storage the end re- 
sult could also be accomplished by a small subprogram which would be in 
common use. This subprogram would either have to be supplied with the 
number of the registers to be transferred, or else a key word could be 
employed to stop the transfer in a manner similar to that in which a key 
word designated the end of an input message,, 

D, Point and Pa th Data 

1, Information to be Stored 

For purposes of computation and control the computer must have 
available certain operational and geographical information regarding both 
the various reporting points and the airway or paths joining these points. 
This information is most easily considered as being separated into two 
distinct classifications s point data and path data. As noted earlier 
in this chapter, all information regarding flights shaU be separately 
stored by flight plani, and hence the point and path data represent per- 
manent allocations of storage space o 
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The following listing indicates the types of infonaatio» which must be 
stored for each of the reporting points in the control areas 

a) indication of whether the point in question is in- 
ternal to the area or whether it is near the boundary <, 

b) information regarding the approach control facilities o 
This will include the position of the stacks^ the 
highest stack altitude in use^ the time intervals for 
successive approaches^ etSo 

€) information regarding altitude restrictions or time 
limitations on traffic over the point. An indicatiom 
must be stored as to whether the point is suitable for 
holding aircraft en^route^, this being determined., by the 
position and general traffic density at this point „ 

d) information regarding visibility and ceiling condit- 
ions if there is an airport at that reporting point <, 

The following listing is typical of the information which must 

be stored for each of the paths joining the reporting point «s 

a) the length of the patho 

b) the minimum flight altitude which is permissible along this 
patho 

e) weather conditions, to include visibility conditioaSp cloud 

tops, and wind magnitudes and directions at various al- 
titudes „ 

d) any radio beacons or markers (non-reporting points) whiek 
can be used by the computer as an aid in the traffic com- 
trol, 

2o Point^-Path Relationship 

The various paths and points in a control area are not totally- 
unrelated quantities inasmuch as the area possesses a certain geometry 
as defined by the geographical location of the points and their connect- 
ing paths. To be able to properly direct traffic in an area^ the com- 
puter must be able to reconstruct and utilize this geometry. It is neces- 
sary to determine which paths meet at a point and which points lie at the 
ends of a particular path. In the present-day system the controllers have 
maps available for reference, although they are usually able to remember 
and mentally reconstruct the necessary geometry, A computer, lacking an 
inherent sense of spatial relationship, must perform the task by means 
of stored information. 
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Th« storage and utilization of the path and point data will re*?- 
quire the assignment of designations to the individual members of these 
two classifications « Consider that these designations are P and Q^ for 
point and path respectively. One means of retaining the necessary geo- 
metrical information would be to store with each member P of the pq^nt 
data the designations of all the paths Q which meet at that pointy 'and 
similarly to store with each member Q of the path data the two P*s at 
the end points of that path„ Such a method is quite wasteful of storage 
inasmuch as a good deal of the stored information is redundant « 

Ar alternate scheme might employ the assignment of particular 
numerical values to P's and Q's in such a way that the relationships be- 
tween adjacent points and paths would be determinable from these numer- 
ical valueso This scheme was rather t|aoroughly investigated by the author, 
and it was determined that such a numbering system was rather difficult 
to implement due to difficulties Encountered when three of four paths-^ 
joined at a particular point « Although a feasible numbering scheme might 
easily be ^rnthesized for a particular area, the method turned out to be 
extremely difficult and lengthy of storage space when applied to an area 
with a general geometi^yy. 

As a point of introduction to the scheme which it is thought 
presents the best solution to the problem at hand, it is recalled that 
all reporting points are to be designated in messages by three-letter 
abbreviations as in the present practice. These unconverted designations 
shall be denoted by P, In a normal size control area today there are be"^ 
tween 25 and 75 reporting points,, It is convenient to consider a maximum 
of 128, inasmuch as pure binary designations requiring only seven binary 
digits are then required. These pure binary member designations are 
denoted by P, and could be assigned by means of a coded-address conversion 
table. 

Each path in the area is completely defined by the points at 
its two ends. If these two points are P^ and Pv^, then the compound 14- 
digit word produced byjcpning Pj and ?^ can serve as a designation for thit 
path. This compoiand path designation can be denoted as Qju.* and if Pj and 
Pj^ are thought of as niimbers between x 2^^ and 128 x 2""i5, Qj^ z P^ 
X 2^ -f P^o The word QW would be composed such that the first seven aig- 
its came from the P with the smallest magnitude. The storage of the path 
data can then be done in blocks according to ascending order of the Q*s 
using the storage technique given on page60. 



Since the present radio range stations only provide four courses, this 
determines the maximum number of intersecting paths. The installation 
and imminent use of new radio ranges which provide a good deal more 
than four usable courses or paths would complicate the numbering plan 
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The methods by which the essential facts of the area geometry 
can be reproduced using the above-described method of storage are given 
in the following sections ♦ 

3 a Illustration of Point Data Storage 

As an illustration of this coded-address technique applied to 
point data storage, the following sitiaation can be assumedo A group of 
consecutive registers are used for a combined coded-address and conver- 
sion table. The contents of these registers are P^^ 1*2* ■> » • • o^a? '*'^® ^^~ 
jBO]iive3Sled member designations} while the addresses of these registers are 
related in some (simple) fashion to Pi^ P2*.»« »»»*Pn> ^^® corresponding 
binary member designations. For simplicity these addresses are given as 
f (Pi), f(P2)?ooooof (Pji)* Thus the stored table is as follows; 

Address of Register Contents of Register 

f(Pi) h. 

f (Pa) Pa 



The addresses of the first registers of the blocks assigned to 
the members Pi, P2,««o«Pn are given as gtPi), g(P2)? ^o'-gfrn)* ^®T3 
g(P) represents a sinrpie arithmetic manipulation upon P# 

With such a set-up, a flow dia gram for a program which finds 
g{T±) for any input Pj is given in figure 11, As indicated in this flow 
diagram, a check is made to see if all the registers f(Pi)^,j.^^ f (P^) 
have been inspectedo This feature permits a check on the Pi? if this 
value is not found, then the computer knows that an error has been made 
and can take appropriate action* 

Another interesting a spetjt of the flow diagram is the wayjsy 
^ich the computer determines if there is a correspondence between Pj[ and 
P^o It should be remembered that the conditional order eg is only able 
to determine whether a number is negative or noto If two quantities are 
subtracted, the result may be positive or negative; if they are equal it 
will be a negative zero. Hence several additional orders ar^ needed to 
definitely determine if two qiaantlties are eqtialo A special-purpose order 
which directly determined the equality of two numbers and based its con- 
ditional character on that criterion would be veiy useful in this situa- 
tion and woTald find wide application in related programs • 

4-0 Flow Diagram for Path Data 

As mentioned on page 65* the member designation for the ps^tli 
between points Pj and P|c shall be given as Qjk » Pj x 2M-Pks where it 
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is AssiMed thAt P^ <" Pj^, Each path will be allocated a block of m coase- 
cutive registers, aad as a means of recognizimg aiay aenber block, the des- 
igaatio* Q will be stored in the first register of that block* The blocks 
themselves will be stored in sequence according to the magnitude of the 
Q's, and in the first register following the last block wiDJ. be stored a 
negative number. If the address of the first register of the first ipa.%h 
datarblock is q^, then the addresses of the first registers of succeeding 
blocks are given as q^ + m, q^ "^^ 2a, • . » . , 

A program which will be frequently used in connection with path 
data is one which determines which paths join at a certain reporting : 
point Pj^, This program would have wide applications in checking upon the 
validity or correctness of a sequence of reporting points as given in a 
flight plan. With the storage technique used, the knowledge of paths 
joining at a point is equivalent to knowing the identities of all of the 
adjacent reporting points, A flow diagram for determining these adjacent 
points is given in Figure 12, and a flow diagram for finding the block of 
registers which is associated with the path between any two reporting 
points is given in Figure 13. 

There are several interesting points concerning the flow dia- 
gram of Figure 13, Inasmuch as the P^ and ?^ inputs will have been de- 
termined internally by the computer in a.nother program, possibly from the 
program of Figure 11, there does not appear to be any need for inserting 
an error-detecting check as was done in Figure 11. It can also be noted 
that there is enough of a similarity between Figures 12 and 13 so that 
tkrefiiir;progr.a;Eamfigr should be :>patoriedoQut in order to determine whether or 
not a joint or composite progrsja might not be preferable, A further point 
to note is that the searching procedure of Figure 13 does not utilize the 
fact that the blocks are stored in sequence of the values of Q, If there 
are s of these blocks, then on the average the program of Figure 13 will 
have to search through S registers before it finds the desired Q, If the 
program were written so that it first looked at the contents of register 
%•+" i*> o^® h&lt of the possible blocks could be immediately eliminated 
due to the sequenced feature of the Q* s^ The«program would then investi- 
gate the contents of register qo+r * or % 4 r »>c depending upon the re- 
sults of the first try. In this wty the program would at most have to 
do logp s searches, and on the average only f log2 s searches. The pro- 
gramming for this type of search requires more orders and storage than that 
of Figure 13 and hence it represents a situation where storage space could 
be sacrificed for speed* 



This storage register is not wasted since the negative number would be 
a constant or the negative of a constant used by other programs. 
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E, Handling of Flight Plan Data 

The most important part of the flight plan concerns the various 
reporting points over which the flight is to pass. For each of these 
points the computer should store the following data? 

a) designation of the reporting point 

b) time at which this point shall be passed 

e) altitude at which this point shall be passed 
d) general condition of flight at this point. This 
will include information regarding whether the 
aircraft will be IFR, YFR or "500 on top"^, and 
whether the aircraft is cruising, ascending, descend- 
ing, or holdings 

As shall be described in succeeding chapters, the information for items 
b), c), and d) will be supplied both during the initial processing 
'6f the flight data and later during the flight as a result of the mes- 
sages received from the aircraft. For convenience in future reference, 
item d) will be termed the point condition information « 

As has already been established, the designation of the report- 
ing point and the specification of altitude will each require only seven 
binary digits. The method for specification of time is discussed in 
Chapter VII where it is established that only 11 binary digits will be 
required. Thus, if the method of storing two quantities in a single regis- 
ter is used, both the designation of the reporting point and the specific- 
ation of the altitude can be stored together in a single register, while 
the time and the point-condition-information can also be stored together, 
permitting the specification of a 2^ or 32 conditions. It might appear 
that there is no need to store the times over each reporting point inas- 
much as this information can be determined from an initial time and the 
speed of the aircraft | however, in view of the effect of winds and de- 
lays it appears that an economy of storage would result from the explicit 
storage of each time. 

In addition to the information regarding the reporting points, 
it will be necessary to store for each flight the following general in- 
formation? 

a) type of aircraft© 

b) communication routing for messages to th© aircraft 
or to associated operations offices, 

c) information indicating what action has been taken 
in regard to the coordination of the aircraft when 
entering a neighboring area or being turned over to 
approach control for landing, 

d) present status of aircraft*, 



1, See page 106 
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As regards item d), it should be noted that by virtue of the 
method described for the storage of flight informatioit, in order to de- 
termine clearances for aircraft or in order to check upon separations at 
certain points the computer must search through all the stored flight plan 
data. In order to simplify and shorten this job, a certain amount of in- 
formation cam be stored in a particular register regarding the present 
status of each flights This would include indications as to whether the 
flight plan had been processed and approved, whether the flight was still 
on the ground, whether the flight was in another area, when the next pro- 
gress report from the aircraft should be expected, and whether the flight 
is receiving special handling during ascent or descent, etc, A fuller ex- 
planation of the need and use of these pieces of information will be given 
in succeeding chapters. Items c) and d) shall be termed coordination in- 
formation and present status information , respectively » 

In accordance with the discussion of the earlier part of this 
chapter, the variable-length flight data will be stored in a number of rel- 
atively short blocks c The short length of the blocks will aid not only 
in economizing on the initial storage of the information, but will permit 
savings to be made as a flight progresses and its storage requirements 
decrease <, The blocks shall be assigned from a coded-address or assign- 
ment tablffi|;. the registers' of :fchi3 table will be negative when its asso- 
ciated block is free, and will contain the binary-pentad flight identi- 
fication f when the block has been allocated for the storage of part of a 
flight piano 

As an illustration of the assignment of flight data to storage 
space, consider the flow diagram of Figure 14« The various blocks of 
registers used for storing the flight data are designated by B^^, B2, . . • , 
B^. The addresses of the first registers in these blocks are given as 
)2.TB][), ^Ji(B2), ^opo s p(Bm)# ®^^ "^^® associated addresses in the assign- 
ment table are v(B;l5j> ■^(®2/* •" 



v(Bj^) , where Jji and v represent simple 
arithmetic operations upon B-|^, B2, , « . , B^<, 



9 0, 



In order to guard against an unexpectedly large amount of flight 
data, the flow diagram has provisions for indicating when all the avail- 
able flight data blocks are filled o It should be noted that although in 
general a flight will not be assigned successive blocks of storage, the 
order of the flight plan is preserved by sequence of the registers v(B)| 
in particular, if the reporting points are stored in reverse order of 
sequence at the end of the flight plan data, then the blocks correspond- 
ing to the largest v(B) are made free first as the flight progresses^ 

In recapitulation it should be noted that the method chosen for 
the storage of the flight data not only economizes on storage, but essen- 
tially separates this variable-length, non-permamently assigned type of 
storage froa the fixed-length, permanently-assigned point data storage*, 
This latter fact permits better utilization of the storage space and eases 
the programming problems o Another feature of storing the flight data by 
sequence of reporting points is that it implicitly reveals the direction 
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of progress of the flight » Storing the flight data by reporting poiats 
alone would require the additiomal storage at each reporting point of the 
names or designation of the preceeding and succeeding points of ths 
flight o 

F« Use of Additional Ebcternal Storage Space 

As a contrast to the previous sections of this chapter which 
have concentrated upon the necessity of economizing storage space, it is 
interesting to introduce several comments concerning the possible use of 
an external storage medium with the computer « The remarks which are made 
below are purely of an illustrative nature, however, and the remainder of 
this thesis is based upon the techniques and methods already mentioned » 

The use of am external storage medium implies that information 
to be used must be transferred to and from the external medium, this 
transfer being either of a single word or of a block of registers. Both 
the reading to and from the external medium and the subsequent use of the 
information requires a certain amount of time over and above the time re- 
quired if it were initially stored internally. In spite of this con- 
sideration there are two factors which make the use of such devices quite 
feasible « In the first place, although a large amount of data must be 
stored, only a small amount of data — usually of block size — is actu- 
ally needed at a particular time; in addition, the need for a particular 
block or section of the data will generally be known somewhat in advance 
of the time that it can actually be used. Similar considerations apply 
to various programs and subprograms used by the computeri only a small 
number of thjem are needed for any particular task being done by the com- 
puter, and the need for these programs is usually known in advance. This 
forewarning of the use of data and programs will become more evident in 
succeeding chapters when the large amount of bookkeeping or manipula- 
tive operations necessary for the execution of the various computer pro- 
grams or subprograms is discussed. In view of this fact, it would be 
possible to arrange the programs and the various sequences of calculations 
and operations in such a way that inherent initial delays in the use of 
an external storage device would offer but a small drawback. If one had 
a magnetic tape unit which could be started and stopped rapidly, then in 
the period between the time when it becomes known that something is 
wanted and the time when it is needed, the tape could be moved forward to 
the desired information in preparation for a read-in « A second factor 
to be recognized is that if the external storage device is used predom- 
inately for permanently stored data or programs, there is no need for any 
time used in reading information back to the storage device. This might 
make the use of paper tape and a photoelectric reader feasible. 

The availability of the external storage would introduce large 
changes into the provisions already enumerated for the allocation and use 
of the internal storage space of the computer, A change to the storing 
of flight information solely by reporting points, as in the present-day 
system, might be made or some compromise between the two radically 
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differeiat storage schemes adopted | storage schemes which eeonomize on 
time rather than storage could be adopted. The necessity for coaver- 
sioH might be elimiiiated if the computer were programmed to compute in 
terms of the binary-coded three-character groups. Whereas this chapter 
has considered that times and altitudes be explicitly stored as numerical 
quantities^ if a large amount of additional storage space were available 
it would be feasible to allocate particular registers to particular times 
and particxilar altitudes o The occupancy of that time or altitude would 
be indicated by storing the appropriate flight designation in the corresj'' 
ponding register. Such a sche)ie would save greatly on the amount of timis 
which would be required to detect situations in which there is insuf ficioii^ 
separations between aircraft. As shall be mentioned in Chapter X, the 
availability of additional storage space would make it possible in a mod- 
ified system to handle and give priorities to scheduled aircraft. 
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CHAPTER VI 
Areas and Airports 



Before a stiady can be made of the computer program, it is necessary 
to discuss in fuller detail some of the problems which arise in the con- 
trol of aircraft flying between areas or approaching and leaving airports. 
This chapter discusses these subjects from two points of views the nec- 
essity of a more formal standardization of control procedures for ef- 
ficient computer mechanizatipn, and the means of coordinating between the 
computers controlling adjacent areas or between a computer and the ap- 
proach controllers in the airport towers. 

A» Areas 

1. Elimination of Sector Control 

In Chapter II mention was made of the general division of authority 
in the control of nationwide en-route traffic a first into areas and then 
into sectors. As noted, the division into areas, each supei*visea by a 
single control center, was made for reasons of economy, while the divi- 
sion into sectors was necessitated in view of the limited speed and data- 
handling capacities of human controllers. In both cases, however, the 
division of authority requires that careful attention be given to the 
means of coordinating the individual efforts and actions of the sector 
and areas. 

The speed and capacity of a computer is such that one can reason- 
ably expect it not only to replace a single controller, but all the con- 
trollers in an area. For reasons somewhat similar to those which justify 
the present organization of the control system into areas. It does not 
seem either necessary or advantageous to postulate the use of a single 
computer for nationwide control, even if a super-computer such as would 
be needed were available. In fact, a division of control into a number of 
area computers would offer certain advantages as regards maintpnance and 
overall system reliability^ 

The use of a computer as the controlling element in a single area 
obviates the need for sector control and sector coordinationj neverthe- 
less, provisions must be made for the successful coordination of the 
individual areas into a single unified system of control. 

2, Area Coordination in the Present-Day System . 

Under present methods, centers in adjacent areas coordinate and 
share the control over aircraft flying along airways or over reporting 
points which lie near or along the boundaries between these areas. 
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Both control centers store the flight data regarding those paths and 

ip and the two centers agree upon a common clearance for the air- 
involved <, In these cases one of the centers normally has explicit 
final control over an aircraft until it reaches a certain point In 
its flight <, The point where the transfer of control is made may either 
be a reporting point or may be a point defined as being a certain: amount 
of flying time away from a particular fix or marker o The point of trans- 
fer of control is fixed by agreement between the two adjacent areas, but 
the agreement is usually of such flexibility that variations are per- 
mitted to handle dense traffic conditions^ especially in the case of air- 
craft landing near the boundary o To quote from the CM regulations? 

If weather and/or traffic conditions require, the cen- 
ter controlling the point of intended landing may req- 
uest an adjacent area to clear aircraft to a specific 
point during a specific period o-*- ^ 

The sharing of f,light information is made possible by the 
provision that appropriate flight plan data and control information 
pertinent to an inter-area flight be forwarded from area to area as the 
flight progresses. This data normally includes? 

a) Flight identification and type of aircraft. 

b) Estimate (tine) and altitude over the last fix with- 
in the control area and the altitude of entry into 
the adjacent center's area if different from the 
altitude over the last fix* 

©) Actual ground speed, if determined | or estdiaated 
ground speed o 

d) Point of departure I the remaining portion of the 
route of the flight, specified in the original or 
amended clearance | and the point of first intended 
landing o 

®) The estimated time of arrival as specified in the 
flight plan (time of departure plus elapsed time) 
based on the time zone of the departure point o 

f ) Clearance informationi 

1) Clearance Hiait, if other than the airport of 
destination. 

2) Special information, if issued » 

The above information, with the exception of item c) which 
need not be included in the case of scheduled air carrier or military 
aircraft p is transmitted by the center which has initial control of the 
aircraft s© as to permit reception of the data by the adjacent center at 
least 30 minutes prior to the time that the flight is estimated to enter 
that areao If the point of departure is not at a sufficient distance to 
permit the transmission within the specified time, the coordination is 
made prior to the takeoff of the aircraft o 



Reference lo ^ page 20 
Reference 16 , page 15 
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Because of the fact that an overall picture of the traffic cannot he 
projected very far into the future^ it is impossihle for the coordination 
between areas to effect very much more than a check between centers re- 
garding traffic at or near the boundaries. The acceptance or denial of a 

clearahce by an adjacent center is usually based on immediate conflicts 
affecting aircraft arriving at or departing from boundary airports, and 
in very few cases is the acceptance or denial of a clearance based on ex- 
pected traffic conditions at points in the interior of areas. 

The only other form of coordination between adjacent areas is the 
nature of restrictions g restrictions as to usable altitudes over certain 
points or to the number of aircraft which may be dispatched to an airport 

in another area over a period of time. Such restrictions are usually 
caused by abnormally bad landing conditions which have resulted in conges- 
tion, high stack altitudes, and long delays in landing. The two examples 
which are familiar in 'the Boston Control Center are time restrictions on 
flights into the metropolitan lew York area, and altitude restrictions 
over Hartford, Connecticut, a crossing point for North -South and East -West 
traffic in lew England o 

Although the controllers cheek all proposed flight® for conformity . 
to existing time and altitude restrictions, for the most part they find 
little need to enforce such restrictions. This situation arises because 
the operations offices (military and commercial) are informed of the re- 
strictions and hence plan their flights accordingly. Nevertheless, in 
order to guide itinerant traffic and check upon the military and commer- 
cial operation®, the pertinent information must be stored in the control 
center. 

Outside of the time and altitude restric?tions, which are sparingly 
used, there are no attempts made at the present time to control or regu- 
late the overall flow of traffic between areas. As will be mtntioned in 
Chapter X, such flow control offers a possible chance for iasprovement in 

the present system. 

3° Criteria for Area Goordiimtion ia the Computer -Controlled System . 

Coordination not only involves a sharing of information between adja- 
cent centers, but requires a procedure for reaching an agreement between 
adjacent centers as to the control of flights near the bo\mdary. For' hu- 
man operator's communicating by means of interphone, the compromise and 
agreement upon a satisfactory clearance and the decision as to who shall 
control the flight until a particular point can easily be made. 

The computer, on the other hand, cannot be easily programmed to com- 
promise or bargain satisfactorily, and it is usuch more desirable to have 

a rather standardized procedure for the coordination. The procedure, which 
shall be adopted for this study is that of having one of the two involved 
(area) computers propose a clearance, and then assume the responsibil- 
ity for making changes or corrections upon the su^estion and advice 
of the second computer. That is to say, the coordination is to be 
effected by a procedure of proposal and confirmation ., For such a 
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procedure to be Mechanized ^ a distinct method is needed for deciding which 
of the two computers will assm^e the task of making the proposal and ca^ry^ 

ing out the control,, 

It does not appear very desirable to have the question of which 
area is to control a flight near the boundary of two areas be completely 
dependent^ as it is at the present-time^ upon the actual area In which 
the aircraft happens to be^ particularly in the case of aircraft ascend- 
ijig from or descending to airports at or near the boundary. As will be 
noted in Qhapter IX^ it is thege sections of a flight which offer the 
most difficult problems in control ^ and it appears to be much wiser and 
more practical to have the supervision of a flight be dependent upon both 
the position and present plans of the aircrafti that is, the complete 
supervision of departing and ascending or arriving and descending air- 
craft will be allocated to a single computer, regardless of the acttial 
position ©f the aircraft with respect t© the boundaries* This procedure 
makes it much simpler to check and clear for separations on asc€ints"'and 



In order to appreciate what this plan of unique control for ascents 
and descents entails ^ it is interesting to note the performance figures 
of typical aircraft o The rateg of ascent and descent vary according to 
the type of aircraft o General4,y, the faster aircraft fly higher, and 
because of cabin supercharging are able to descend or ascend more rapidly, 
Typical speeds for faster commercial aircraft are in excess of 250 mph, 
with altitudes of between lO^OQO and 30,000 feet and rates of climb or 
descent between 750 and 1500 feet per minute o The older, slower and 
smaller aircraft generally do j|ot have cabin pressurization and hence are 
limited t© a maximum altitude qf 10,000 feet, with rates of climb and 
deiscent up t© 500 feet per mini|te| iwpresentative air speeds are between 



ftom the above figures it can be seen that the rate of climb or 
descent expressed in terms of ^Q^'^^Qa-l distance per horizontal distance 
travellei is essentially const4nt, regardless of aircraft type* The 
figures als© indicate that the maximum distance required for a full on- 
coursel ascent to a cruising altitude or a complete on-course descent 
from cruising altitude is about twice the average distance between report- 
ing pointso For purposes of s-^andardizing the coordination procedures it 
shall then be assumed that any full ascent or descent will at most cover 
two reporting points o As i^ noted in the next section, in the special 
case of short flights from one area to the next it will be assumed that 
a single point ascent or deseei^t is sufficient. 

4.0 Area Ooordination for Completer C ontrol 

A representative plan vi^w of two adjacent areas and an inter- 
connecting airway is shown in Figure 15 o As shown^ it is assumed that 
the boijndary will be placed so as to intersect the airways about midway 
reporting pointSo A, B, 1^ and F are internal reporting points . 



3 is to be distinguished from an ascent made while circling< 
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C and D are boxmdary points . Each area coarputer will store the data for 
and have unique control of flights over or 'between its internal boundary 
pointsi both coBrputers will store the relevant data concerning the boimd- 
ary points C and D^ and control of flights over and between those points 
shall be according to situation as entmerated belowo (The individual 
situations are described for traffic flowing from left to right in Figure 
15l by an obvious interchange of letters they apply to traffic in the 
other direction) o 

1) Flights originating at or to the left of A or B and termi- 
nating at G are to be xxnder the control of Area I. In this 

case, the computer of Area II need not store flight plan 

data corresponding to point Co 

2) Flights originating at or to the left of A and B and termi- 
nating at B are to be controlled by Area I and will receive 
clearances coordinated with Area II. Area II should re- 
ceive and store the flight plan data for points C and D of 
these flights at least 30 minutes before the aircraft ar- 
rives over Co 

3) Flights originating to the left of A or B and terminating 
at E, F, or beyond are to be initially controlled by Area 
I, control reverting to Area II over point C« In such 
cases Area II must receive a 30 -minute notification of the 
arrival time at C, and if necessary that area may request 
the aircraft to be at a specified altitude at that point, 

k) Flints originating at A or B and landing at E, F, or be- 
yond should be initially cleared and controlled by Area I 
upon proper coordination with Area 11= Assiaiaption of con- 
trol by Area II should be made when the aircraft passes 

over pqint Do 

5) Flights originating at G and entering Area II should. re r 
ceive their,,, clearances from Area II upon proper coordina- 
tion with Area lo Area I should receive a. SO-tnlnute noti- 
fication and should store the data for points C and D. 

6) Flights originating at D and proceeding to the right are 

solely under the control of Area 11. 

7) It will be ase\amed for convenience that no flights proceed 
from A to B via C^ or that C is crossed in any other than 

an inter -area flight o Ihe boimdaries between areas will be 
chosen with this fact in mind. 

The situation of k) above does not pearmit a complete coverage by a 
single computer of a two -point ascent or descent when an aircraft origi- 
nates at A or B and terminates at E or Fe For these relatively short 
flights^ however^ an aircraft would not reach or fly at a high sruisi^g 
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altitmde and satisfactory control should be possible by a single-poiat 
descent o 

5o TramsmissioE of Flight Plans from Area to Area .:^. 

Under the present ^ir traffic control regulations, pilots f ile bnt 
a single fj^ight plan^ ^egfeiydless of the length of the flight or vhether 
it enters one or more other areas <, This flight plan specifies the com- 
plete roiate of the flight, and It is passed from center to center at 
least 30 minntes in advance ©f the expected time of entry of the air- 
craft into the next area <> fhe only exception to this mle is in the case 
of aircraft departing from^ airports at or near the bomndsries of areas; 
in this case the flight plan is filed "with both traffic control centers # 

For long flights, the specification of the rente completely in 

terms of reporting points -womld 'be g tilte lengthy^ This does not create 
any difficmlties in the present-day system dne to the relative cheap - 
mess of storage space; 4m addition, the problems are lessened by the 
relatively small niamber ©f long flights and because the route of th^ 
flight, especially that part outside ©f the originating area, is ustiailly 
specified by airways desi^aation© I ' . '■ 

There are two appfo^ehed .^hieh may be taken towards this problem , 
im using the computero The first li^^ld entail, the storing of all the 
necessary flight plan data" and the forwarding of sameo Such a scheme 
"would be rather expensive in storage space and appears to ' be ^ less favor- 
able than a procedure \^der "which only the relevant part of a long flight 
plan "Would have to be fil^ and stored by any single computer. The scheme 
would mean that each computer muat notify the next area of the need "to secure 
a part of the flight plan £3em an operations office* The mechanization 
of the plan is^as follows s 

The original filing of an extended, inter -area flight 
plan would- include only the points of the original #rea, 
except in the situation where the flight covers onlx a 
few points, in that areso In the latter case the filing, 
would contain aU the points of the first two areas • If ^ 
only the B^lnts for the original area are :f lied, then 
the c©mpu"feer. in that area has the responsibility foy 
notifying the computer in the succeeding area 30 miintes 
in advance^ of the arrival of that flight to secure its 
portion of the flight piano If the original filing con- 
tained both areas completely, then the flight plan 
should be forwarded by the first area to the second "Within 
an -appropriate time » (The previously described proc- 
edures for area coordination permit a 30-mlnmte advlnce 
warning to be ma^fi)* 

The same procedure is to be extended for longer flights, each area 
either receiving its part of the flight plan from a previous area or as a 

result of . a request to am operations office o In the latter ease, the 
refuesting computer would receive either the reporting points for its 
area alone,, or if 'the flight is of short duration in that area, the 
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reporting points for it and the succeeding areao 

The differences in the methods of forwarding the flight plan data 
are necessitated by timing difficulties^ in particular the necessity of 
having the computer in an adjacent area-receive the flight plani before 

it receives a notification of the arrival of the flight f roa th^- V - 
preceeding areao 

Bo The Problem at Airports 

lo Present-Day Coordination at the Airports 

As has been mentioned in Chapter 11^ in order to handle the increased 
traffic at airports in recent years, especially during poor weather, it 
has been beeessary to supplement the normal airport tower control with 
special approach control procedures and facilities* Inasmuch as all air- 
ports are not supplied with these facilities at the present time y *tt is 
necessary for the centers to be able to properly coordinate and handle 
the arrival and departure of aircraft from airports which may or may 
not have approach control service*, 

At the airports where only the normal tower control is exercised, the 
bulk of the task of handling arrivals and departures is carried out by 

the center controllerso The center has control over all departures as 
well as over separations between successive departures and between 
departures and arrivals*, This responsibility requires that in congested 
conditions the center must specify characteristics of the takeoff s -- 
direction of takeoff ^ turn after leaving ground^ clifflbiijg instructions, 
etCo As regards arrivals^ thi^ tsenter has complete control over the air- 
craft until they have been specif ical^l^Jiftieased to the airport tower. 
In low density conditions |, the aircraft are usually released to the tower 
at a distance of about 30 miles where they can establish radio contact j 
under more dense conditions the center exercises a more rigid control 
over the traffic and approach patterns^ and aircraft axe not released to 
the tower until visual contact between the aircraft and the tower has 
been established*, In situations where holding or stacking becomes neces- 
sary^ the holding patterns are under the contrdl of the center and only 
one aircraft at a time is released for an approach «in4 landing ^the air- 
craft being under center control until it has made visual contact with 
the tower o If no visual contact is made at a specified Mnimum altitude 
on an approa^iis, the center controller has the responsibility for handling 
the missed approach o 

Under normal conditions at the non» approach control airports, the 
small density ©f traffic both at the airports and on surrouipding air- 
ways permits a great deal of flexibility in the control procedure S| 
nevertheless 9 in order to handle any conditions vhlgh might arise, it 
is necessary that the center controllers be completely informed of the 
physical characteristics of these airports and of the speoial procedures 
which must be usedo 
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The purpose of approaeh ©ontrol is- to" expedite traffic at busier 
alrportiB l)^>eMeTiiig center controllers^ .^insofar., as possible , of special- 
ized proee^iures used in connection with departures and arrivals. Under 
approach control procedures, the center' clears all arriving aircraft to 
a holding point established either bj -prUit agreement or specified in the 
air route clearance upon confirmation with the approach controller in 
the airport tower „ This holding point is usually a special approach 
control radio marker o The approach controllers in the towers supply the 
centers with the altitudes at which aircraft should be cleared to these 
points when holding patterns and stacks become necessary^ The aircraft 
contact the approach controllers after arrival at these points, and from 
then until they land the aircraft are under the supervision of approach 
controls Under these procedures, approach control handles missed appro- 
aches o 

Approach control is charged with providing separation between: 

a) all arriving aircraft under approach control jurisdiction, 

b) (the initial separations. between) successive- '4^pa3bting 

aircraft, 

c) departing aircraft and all other aircraft under approach 

control jurisdictiono 

Under these conditions ^ approach controllers, because of their 
close familiarity with the traffic and airport conditions, are able to 
use techniques in which several aircraft can be on an approach for land- 
i:mg at th© same time and in which smaller separations standards can Ise 

msedo 

In regard to departures, aircraft must receive a clearance from the 
approach controller as well as from the air route traffic control center. 
The center clearance t© the departing aircraft includes specific informa- 
tion regarding altitudes and flight procedures as well as depart ure :: j*. .•., :■-* 
restriction® necessary to provide separation from traffic not under 
approach control jurisdiction., The time of takeoff^ direction of turn, 
altitude restrictions immediately after takeoff, and- other instructions 
necessary t© provide proper separation from traffic under its jtjrisdic- 
tion are specified by approach controlo The center may request a certain 
takeoff time or may establish a clearance void time, <- a time after which 
the clearance is not valid = if such measures are necessary to avoid con- 
flicts with aircraft not .under approach, control jurisdiction* 

When centers clear an aircraft to a point prior t© the assumption 
of responsibility by approach control, -the aircraft is given specific 
holding instructions, including altitude and the expected time , at which 
the approach and landing will be made e Thig function, as well as the 

general coordination of the two traffic control services, requires the 

following exchange of informsitioag 
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Approaeh Control to Centers 

Highest altitude in use by Approach Control at the 

holding point o 

Average time interval between successive approaches 
as determined by the tower » 

Revision of the expected approach time issued by 
the center when the tower calculation indicates a 
variation of 10 minutes or more* 
Arrival times over holding point or statement that 
aircraft is under tower control, if released prior 
to arrival over holding point, 
®) Departure times of departing aircraft <> 
f ) Available information relating to overdue or un- 
reported aircraft* 
Missed approaches o^ 

Centers to Approach control 



Identification^, type, and point of departure of 
arriving aircraft o 

Estimated time and proposed altitude of arriving 
aircraft over holding point or acttel ttlB#'"'if e^ir- 
craft is released t© Approach Control after arrival 
over the holding point. 
Ejected approach time ii^suedo 
Statement that , aircraft has been released to .Ap- 
proach Gontrol,^ incliadisig the point or time at which 
released if other than the clearance limit* 
Anticipated delay t© departing IFR traffic. 
Identification and destination of proposed IFR 
departure o^ 



. Approach control^ it is noted j, handles a good deal of pm duties 
regarding arriving and departing aircraft* Despite the^r^at ms^sfulness 
@f the. approach control facilities in the present=day system, the prob- 
lem of controlling traffic in and around, approach control airports 
still presents a good deal of complicat|.c)n for center controllers* The 
problem manifests itself cl^ief ly in the ^ handling.. .:0|L,dgpi3^^|4^ aircraft 
and in the avoidance of conflicts between departing aircraft and other 
traffic along the airways* 

It should be noted that there is no strict standardization of the 
location of the airports with respect to the range stations and airways. 
In masy cases one leg of the range station falls across the airport, 
but this is not always true and the airport may lie a short distance 
from the airways and the range stationo This factj. coupled with the 
necessity of using different runways in different wind conditions and 
the existence ©f various obstacles near the airports, requires that 
various flight paths be used in joining the airways after a takeoff •. 



lo Reference 16^ Page 1? 
2o Reference 16^ Page 18 



Report R-203 

-.So-" 

In particular J these paths must be such as to permit the aircraft to join 
the airways at positions or altitudes at which they will not conflict 
with holding traffic » The problem is complicated by the existence of 
adjacent and conflicting airports in metropolitan areas* A further com~ 
plication is that of getting aircraft to altitudes above those estab- 
lished minima which can be safely flown along the airways, in some 
cases^ this latter problem requires that the aircraft climb aboire %h& 
minimum altitude while shuttling back and forth between two points, 
usually the airport and the adjacent range station. At Burlington, Ver^ 
montj aircraft climb while flying out and back along an otherwise un- 
used 1^ of the range station extending over Lake Champlaino 

2o ReQuireinents for Computer Controlled System 

The preceeding section pointed out the specialized problems which 
exist at the airports e The problems are seen to be greatly eased and 
simplified from the point of view of the air route controller h^ the 
establishment of approach control service Sc The specialized nature and 
the individuality of the approach control procedures at each airport are 
such that it is somewhat doubtful if a high-speed digital computer could ' 
be economically and practically useful in this phase of the overall 
traffic problem. At the present time, special purpose equipment^ as well 
as radar devices-^ are being used to great advantage in the operation 
and improvement of the approach control service, and it would seem that 
the particular nature of the approach control service is be.st served by 
developments along these lines ^ 

From the point of view of using a digital computer for en-route 
traffic control^ there is little doubt that it is very iijiportant to 
separate the specialized problems of airport traffic control from the 
general control of airways traffic- That is to say, it is desirable to 
restrict the use of the computer to purely airways control, leaving the 
off --airways control to approach controllers at the individual airports. 
For this reason^ it shall be assumed that all airports in the computer- 
controlled system will be provided with trained personnel and the neces*- 
sary radio equipment such that the approach control service can be 
implemented The standardized coordination procedures that shall then 
be assumed are not in strict accordance with current practice, but are 
sufficiently similar to make them I'ealistics 

1) If an aircraft approaches and desires to land at an air- 
port equipped with an approach control marker or specific 

holding point, the pilot will receive center clearance to 
this marker where he is to contact approach control for 
further instructions. When there is no holding traffic, 
the pilot will have been instructed by the computer to 
approach the marker at ap altitude commensurate with an 
iimuediate landing; if there is holding, the computer 
clearance will instruct the pilot to hold over the marker 
, at a specified, altitude while contacting approach control o 

1,.' ■ Heference- 32 i. ' _ 
2^ Bef ererice. i¥. ' 
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2) If an aircraft approaches an airport not equipped with a 
special approach control marker p the pilot will be in- 
structed to contact approach control at a specified fly- 
ing time awayo When there is no holding traffic j, the 
computer will have brought him down to an approach al- 
titude by that time I if there is holding -« and the hold- 
ing pattern in the absence of a special marker wiU be 
anchored on the range station — he will have been cleared 
to hold over the range station at a specified altitude 
while awaiting his turn to lando 

In performing and coordinating these control functions ^ the -flow of in- 
formation between the computer and the approach controllers in the towers 
would be the same as is listed on page B^^ * 

As noted p present-day approach control procedures do not eliminate 
the necessity of center controllers handling certain situations with 
regard to departing aircraft p especially in regard to getting aircraft 
©n the airways at proper altitudes*, In accordance with the decision to 
restrict computer control solely to the airways^ the following assump- 
tions are mad® g 

Each airport will have specialized departure procedures and 
traffic patterns which aircraft must use in reaching the air- 
ways from the airportSo^ The control and separation of all 
departing aircraft from the point of takeoff to the point at 
which they reach the airwayg will be the responsibility of 
approach controlo The computer will be informed by means of 
the Approval Request of the pointy posit ion j» and altitude and 
time at which the aircraft will Join the airways o 

In this way the computer n^ed be concerned only with separations 
after the aircraft are on the airways o It is assumed that the flight 
paths used in reaching the airways and the points at which the aircraft 
join the airways will b© selected so that aircraft will be in favorable 
positions as rega^rds minimum altitudes and existing holding stackSo 

For convenience in inter-area coordination^, it will further be 
assumed that if an aircraft departs from an airport at a boundary point 
P and will next pass boundary point Q in an adjacent area^ the aircraft 
will join the airways somewhere beyond P on the way to Qo Reference to 
Figure 15 will show that such a provision eases the inter-area coordina- 
tion problem for aircraft departing from points 6 ©r D inasmuch as path 
data for paths AC and BC or DE and DF need not be stored by the other 
areas o 



lo This was done in the Berlin Airlift with great success o 
See Reference 33 o 



Report R-203 

GHAFEER VII 
Direct ion and Approval Request Program 

In addition to the necessary constants and data^ the 
storage element of the ccxaputer nmst contain the programs to be 
tised in implementing and carrying out the varioos traffic control 
activities and functions. Taken together^ these programs do not rep> 
resent a single coordinated unit: rather they are indiridual entities^ 
each designed to handle special problems and sitiiations. In a fashion 
similar to that in which orders or instructions guide the course of 
action of the ccmiputer and tell it what operations to perform^ the 
ccmputer will use a Birectlom Prpgram t® guide its action and to in- 
dicate t® it the general traffic control activities and programs which 
are to be undertaken. The first part of this chapter is devoted to a 
discussion of the Direction Program and its chief elements. 

The second part of this chapter discusses a program to be 
esrployed preparatory to dealing with clearances foi^ aircarft. This 
preparatory program will be used in initially storing and checking the 
itema of a flight plan, in prejparing for. the necessary coordination 
measures, in arranging details of the initiation and termination of con- 
trol, and in preparing for the issuing of the clearance itself. The 
action of this program parallels to seme extent the operations set into 
action in the p3?esent-day system as a result of the Approval Requests; 
for this reason, the program is named the Approval Request • I'rogram . 

A. Direction Program 

1. Message and Time - Ordered Programs 

A large number of the activities of the ccsmputer will be 
initiated as a result of input messages; these are termed the message- 
ordered programs . Examples are a program for storing and checking 
flight plansj a program for checking upon and issuing clearancesj a 
program for coordinating with approach control towers or adjacent 
areas I and a program for rechecking clearances as a result ©f progress 
)rts. 



On the other hand, a certain number of the ccmputer activities 
or programs are not undertaken directly or jimmediately as a result of 
anix^mt message, but will be delayed and will be put into operatic^ at 
some later time. These are the tjme-ordered programs, ccixprising the 
following activities s 

a) A frequent cheek must be made t© deteimine if all 

aircraft have filed progress 3?eports within a reason- 
able time after passing over reporting points . If 
no report is received within a certain time after an 
aircraft was estimated to pass a reporting point, 
the coB^mter must undertake emergency action. 
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"b) As ¥as noted in Glmpter IV, a periodic read- in and 
read-out feature must be interlocked with the normal 
read-in and read-out which, are performed only when a 
suff icijent quantity of input or output information 
has accumulated. 

c) In handling ascending and descending aircraft 
under congested conditions, it will frectuently 
he advisable to have pilots report when they 
leave or reach certain altitudes. As in a) above, 
a frequent check should be made to see if the 
required reports are received. 

d) Under certain traffic conditions it is only 
possible to obtain proper separations between 
aircraft by holding an aircr^-ft which is already 
en-route. The aircraft will usually be held un- 
til a certain time, at which time a check will 
be made to see if it can safely proceed. 

e) Belayed action will be iised in the case of aa 
aircraft departing on a YFR flight plaa but de- 
siring an IFB clearaBce at a specified point with- 
in the control area. In this case the computer 
will have available an estimate of the time at 
which the aircraft is estimated to reach this 
point and will attempt to have the clearance ready 
at that time. 

f ) In accordance with statements made later in this 
chapter. Approval Bequests should be followed in 
less than 15 minutes by a Clearance Request from 
the airport tower. In the event that the Approval 
Bequest is not followed by either the Clearance 
Request or a cancellation of the Approval Request, 
a time -ordered program should effect the cancel- 
lation. 

A ntimber of other fuactions such as coordinating with 
adjacent centers and towers or preparing and planning for descents 
could be carried out as true time -ordered programs: however, it is 
easier to have these activities be message -ordered, using for this 
purpose the frequent progress report messages from the aircraft. 

As a means of keeping track of what actions must be under- 
taken at future times, use can be made of the present-status-infor- 
mation register associated with each aircraft (see page 72) o In 
this register would be stored a coded indication of the necessary 
action required, together with the time at which it should be under- 
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2. Timing 

Most of the input psLssages to the computer will have to 
specify certain times? times of depaifture, times at which reporting 
points are passed^ times at which messages are sent, etc. In order 
to implement its time-ordered activities, the conqputer most also have 
a direct means of access to an external time-keeping device. In ac- 
cordance with the current practice, a S^i-hour clock, rather than the 
more conventional 12-hoT3r system, will toe Tised; precision require- 
ments will toe satisfied if the smallest time increments are in minutes, 

In the input messages, the representation of time is most 
conveniently (as regards the human elements of the system) made in 
terms of hours and minutes. Specification of time in hours and 
minutes necessitates the use of at least four characters in the 
message; this, in fact, appears to toe the only sitxiation in which 
the previously-descritoed three -character words are not capatole of 
conveniently representing a single piece of information. For thiiS 
reason, time will toe given in the input and output messages toy two 
3-character groups; a zero and two numtoers (OG - 23) for the hoiirs, 
with two ntamtoers for the minutes (OG - 59) ®^^ a- third character 
to indicate the time zone (Eastern Standard, Central, etc.). 

Internally, the computer wotild toest utilize a time system 
toased entirely upon minutes, protoatoly using OOGG x 2"^^ as midnight, 
720 X 2~-'-5 as noon, etc. The times given in the input messages 
could toe easily converted to this system. The clock used for the 
direct input of time to the coB^uter could toe made to indicate in 
t^is toinary system, counting toy minutes, thus otoviating the need 
for conversion. 

It should toe noted that the use of time expressed only in 
minutes eliminates the discontinuities associated with the end of each 
hotir. However, at the end of each day there still remains a discon- 
tinuity since the minutes must change from a high value (1^39) to zero. 
This fact will require special programming in cases where comparisons 
of times are made, (inasmuch as 2k hours is sufficiently long com- 
pared to the duration of a flight, there should toe no questions of 
whether any time corresponds to the past, present, or succeeding day.) 

3r lead- In and Bead-Out Programs 

In accordance with the discussion of Chapter IV, the 
computer will receive input messages from the drum via an input 
i^glster and will store these words sequentially in a selected 
tolock of registers of the intemsG. storage. A read- in order wiH 
read-in, assemble, and check the words of the input message, stop- 
pings the pro^^es® aftei^the- read-in ©T a coi^lete message . A check 
will then toe made toy the Bead- In Program to see if errors were dis- 
covered in the message; no follow-up action need to# taken at this 
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time if errors are discovered, and if the first message has not used 
too much of the available storage space, additional messages can "be 
taken in and stored. Following the read- in, the computer will take 
such action as is necessary to reset the read-in order and to take 
accoimt of any errors discovered in the read-in. In the event that 
no errors are found, the coarputer would then proceed to those pro- 
grams that are required by the input message. The choice of a 
direction to the proper programs woiald be aided by special code 
words in the input messages. 

fhe Read-In Program can be entered in several different 
ways. The program will be \mdertaken when the Drum Control indicates 
It has accumulated a suffp.cient number of messages for transfer or 
when the Brum Control indicates that it has a special emergency mes- 
sage; the program will also be used as a result of time -ordered ac- 
tivities . 

The Bead-Out Program will take words stored in a special 
block of registers and read them out t© the drum. The words will 
have been previ©\isly placed in these registers as a result of mes- 
sage or time-ordered programs. These programs would jointly employ 
a conversion program to prepare the output messages in proper form. 

Flow Diagram 

The flow diagram for the Direction Program is given in 
Figure 16. As noted, the sequence of the program is such that a check 
is first made for time -ordered programs, following which checks are 
made for emergency input messages, a normal read- in, and then a normal 
read-out. In the form shown, these four checks are made in a cyclic 
fashion, and hence no particular priority is given to any single func- 
tion. Studies of the statistics of the expected input message traffic 
as well as the length of time required by the computer to complete the 
various time-ordered or message -ordered programs should enable one to 
determine whether or not this cyclic (serial) order of events is sat- 
isfactory. If not, a readjustment can be easily jaade so sis to give more 
priority to the checks for emergency input or for time-ordered programs. 

B. Approval Bequest Program 

1. Purpose and Present Wse 

The first step in obtaining a clearance for an IFR flight is 
the filing of an Approval Bequest with the appropriate traffic control 
center. The term Approval Bequest is somewhat of a misnomer since it 
is not an actual request for a clearance but rather a means of notifying 
the center of the intention to conduct an IFB operation, the notifica- 
tion being performed through the filing of a flight plan. 
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As was briefly outlined in Chapter II, iipon receipt of an 
Approval Bequest the assistant controllers prepare the necessary 
flight progutess strips, retaining these strips in siaspense hays in an- 
ticipation of the receipt of a Clearance Reqiaest and then an actual 
time ©f departure from the airport tower. The controller receives a 
flight progress strip for the departure point at les^t 3© minutes in 
advance of the proposed departure time as an aid in determining the 
expected traffic conditions. After the flight has received its clear- 
ance and the airport has reported the actual departure time, the es- 
timated times are placed on the remaining progress strips and these 
strips are posted on the flight progress "boards. Thus, although the 
receipt of the Approval Bequest does not in itself lead directly to the 
issuance of a clearance, the request leads to a good deal of preparatory 
work by the controllers and assistsKit controllers. 

The actions presently carried out upon receipt of an Approval 
leq.uest will form the hasis of the Approval Bequest Program. The pro- 
gram will perform certain checking operations upon the information con- 
tained in the Approval Bequest and will store this data in chosen "blocks 
of flight data registers. The program will perform the necessary opera- 
tions concerning coordination details, as well as those of handling the 
initiation and termination of control. As an aid in planning clearances 
for other aircraft, the Approval Bequest Program will, in so far as is 
possible, calculate and store the estimated times at which the air- 
craft will pass over the reporting points. These times will not he 
cheeked during the Approval Bequest Program for possible conflicts 
with other aircraft s such checking will be made at later times with 
up-to-date weathfer information. The times supplied by the Approval 
Bequest Program will be marked as being only preliminary and very 
rough estimates by an appropriate storage in each point-condition- 
information register. 

2. Iiiitiation and Termination of Control 

Several considerations should "be noted in regard to the 
initiation and termination of control of IPB flights. Probably the 
most important of these is the fact that in so far as is possible 
pilots do not like to fly under an IFB fli^it plan . The e^ef reason 
for this is the existence of regulations and restrictions which do not 
otherwise exist when aircraft are flown in YFM conditions. In clear 
weather, pilots can navigate vis^mlly and may select a direct route 
between the point of departure and point of destination rather than 
fly a route marked by radio ranges. Under these WE. conditions the 
pilot need only carry out a minim[ima amount of communication with his 
operations office and he is permitted a great deal of freedom in select- 
ing flight altitudes, in making his ascent to cruising altitude, and in 
making the initial approach for landing. On the other hand, when flying 
under an IFB flight plan the pilot must obey the instructions of the 
traffic control center and must stay on the airways. This requires that 
the pilot must continuously cheek upon his flight path, either by 
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aiaral tones in a headset or by visiial indications on a meter. The 
pilot must make careful reports upon passing the various reporting 
points, suad the ascents and descents must usually "be carried out in 
accordance with procedures specified by the control centers. All 
of these requirements do not in any vay simplify the otherwise dif- 
ficult task of piloting during inclement weather. For these reasons, 
pilots prefer to fly as little as possible under IFH conditions. It 
is also because of these reasons that the work of the control centers 
virtiaally ceases during periods of fair weather. Some airlines do, 
however, require their pilots to file IFl flight plans and conduct the 
flights under center supervision even during in conditions. 

Another i^ortant consideration is that of the unpredictable 
nature of the weather and the resultant changing conditions along the 
routes and in the various areas. Because of this fact, it is some- 
times possible t© plan a trip \mder WR conditions and later find that 
changes in the weather regudire a switch to IFH control. 1?his is es- 
pecially true of long flights. For these reasons andthos* mentioned 
in the previous paragraph, provisions are made so that IFB. clearances 
are given for only those portions of the flight over which they will 
be needed. Bespite this fact, some pilots prefer to travel an initial 
VFB portion of the flight under an IFB flight plan for the whole trip, 
rather than securing the IFl clearance while en-route. On the other 
hand, when it becomes apparent that the approach or landing of a pre- 
viously IFl-cleared flight can be made under VFB conditions, pilots do 
not hesitate in cancelling their IFl flight plans. 

!3?he desire to restrict Ul flights and clearances inso.-. 
far as is possible also exists for the center controllers, and hence 
they tend to cooperate with pilots in planning altitudes and points 
of ascent and deseeat so that flights can be condticted under 7F1 con- 
ditions for as long as is possible. 

With the foregoing considerations in mind, it is now pos- 
sible to list the standard conditions under which the computer will 
Initiate or terminate control over aircraft: 

Initiation of Control 

a) An aircraft coming from an adjacent area, upon 
coordination with that area. 

b) An aircraft already in the air within the computer's 
area which desires an IFl clearance due to a deter- 
ioration of weather or because it has Just joined 
the airways from an off -airways, non-controlled 
flight. 

e) An aircraft on the ground in the coB^uter's area, 
desiring an WR clearance from takeoff. 



Report R-203 



-95- 



d) An aircraft on the groimd in the area, desiring 
an WR clearance over a reporting point in the 
area* 

Termination of Control 

e) An aircraft proceeding into an adjacent area. 

f ) An aircraft cancelling his flight plan while 
still in the air in the computer's area because 
of IFR conditions or because of leaving the air- 
ways for an off -airways flight. 

g) An aircraft landing within the area. 

In the case of initiating^, control and issuing a clearance 
to an aircraft already airborne within the ccsoputer's area, it should 
be noted that a pilot must, if possible, maintain his aircraft under 
YWR conditions until he receiYes an IFR clearance • As a basis for 
establishing the clearance, the pilot is ijaually asked to estiiaate 
his current positiosi and to estimate his time of passing the next 
reporting point, fhe only change required for the computer -controlled 
system would be that the position given to the computer be specified 
in terms of two adjacent reporting points. 

3» Application of Program 

The approval Request Program will be utilized preparatory 
to the four conditions of initiation listed above . The program is 
message -ordered, and for purposes of simplicity the various messages 
which result in its operation will all be termed Approval Requests. 

Approval Requests dealing, with initiation of control over 
aircraft entering from an adjacent area will be of two types: oiae in 
which a flight plan is relayed from an adjacent area, the second 
in which the flight plan arrives fi-om an operations office as a 
result of a request by the computer * In this case, as well as that 
of initiation of control over flights initially on the ground and 
desiring clearances at takeoff or at a certain point in the area, no 
immediate action will be undertaki^ after the completion of the Ap- 
proval Bequest Program^ Succeeding action in these cases will be 
undertaken as a result of time or message -ordered programs. 

When the aircraft desiring a clearance is already in the 
air (condition b on page Sk) or if the computer receives a flight 
pla^ forwarded by an adjacent area, following the coi^letion of the 
App5*ovsl Requeist Program the computer will continue action with pro- 
grams which obtain the necessary clear^ince. 
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There are no fixed regulations concerning the times at 
which Approval Requests for aircraft initially on the gi'oui^ii may "be 
filed s an Approval Request m^y be followed almost Immediately by the 
Clearance Request or the intervsuL between the two may be as much as 
several hours. The latter case generally results from tmforeseen 
delays on the ground before takeoff permission is requested from or 
granted by the tower. Since there is no particular premium on flight 
progress strip storage space in the suspense bays , long delays between 
the Approval Requests and Clearance Requests in the present-day sys- 
tem offer no special problems^ and it is not uncommon for the strips 
for a long-delayed flight be to unused for a period of several hours. 
Long delays and the resultant tietip of storage space would be intoler- 
able with the tise of the computer. For this reason it does not seem 
unreasonable to require that Approval Requests be cancelled if flights 
are delayed beyolad a specified period of iiime, say 15 minutes. It 
should be the duty of the vario\is operations offices to make these 
cancellations, but as noted, a time-ordered check should also be made 
by the cotBiputer. 

k. Message Form 

In accordance with the discussion of this and previous chap- 
ters, it appears that the following standardization of items can be as- 
sumed for the Approval Requests. As will be noted, the main body of the 
message consists essentially of the flight plan dal^a. 

a) Message Identification 

This item not only will identify the message 
as requiring action by the Approval Request 
Program, but will aid this program im sorting 
out the various condition^ of initiation and 
termination. 

b) Flight Number 

This will correspond to the present-day flight 
identifications, usually consisting of several 
letters and numbers. 

c) Cc^municatioE,,^ Routing 

A number 4r code word will be specified, this 
number or word serving as a coimmxmication 
routing indication for all messages destined 
for the particular flight, (At the present 
time, controllers must know how to dispatch 
messages to all aircraft under their control. 
The circuits used frequently change as the 
flights progress.) 
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d) Aircraft Type 

If the aircraft is not of a standard type 
•wtiose perfonaajice characteristics are stored 
in the compmter, these performance figiai^s 
shotild he included as a suppleioent to this 



e) Proposed Airspeed 

f ) Type of Initiation (see page 9^<.) 

If the Approval Bequest is relayed, this item 
should contain the altitude and estimated tiae 
at vhich the flight will pass the first report- 
ing point o For aircraft already in the air in 
th# area, the i^essage should contain the present 
position and altitude of the aircraffc as weill 
as an estlaat® of the tijne at which the aircraft; 
will pass the next reporting point o If the air- 
craft is ©n the ground, the altitude, position, 
and estimated tiMe at which control should ccm- 
mence as ^11 as desired cruising altitude are 



Reporting Points 
All a?eporting points over which the flight 
passes are td he given. In case the flight 
leaves the cOhtrol area^ the houndary point 
shoiild "be listed. 

fype of Termination (see page 95 • ) 

An appropriate indication should he given of 

whether control is to he terminated (at 
least ims®faf' as is then Imowa) hy cancel- 
lation of the flight plan, leaving the air- 
ways, leaving the area, ©r landing.. In the 
ease of an aircraft leaving the area, and indi- 
cation shotild he given of which ©f the points 
of item g) above is a boundary point over which 
control will he exercised hy another c€Biputer. 



5. Flow 



The general flow diagram for the Approval Request Program 
is shown in Figure 17» As noted, five main fianctions are blocked 
out and numbered in this figures more detailed flow diagrams for three 
of these functions are given in Figures 18, I9, and 20. Throughout 
the diagrams certain functions are specified which begin with the word 
"check o" In all such cases it is implied that if the coiffputer discovers 
an error, the program will be interrupted and the ecarputer will proceed 
to another program used to notify the appropriate authorities of the 
error (s) discovered » 
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General Flow Diagram for Approval Eequest Program 

figiire 17 
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of action of program. 

Find a free register in the flight 
data assignment table (see flow diagram 
of Figure lli). Store the Flight Iden- 
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for the storage of the flight p3,an data. 
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Flow Diagram for Block Al of Approval Request Program 

Figure l8 
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Section A2, wMck bas not "been diagrammed in detail, will 
handle and check the method hy "which initiation is to occiar. The 
Approval Bequest will also be checked for eonfoimance to the coor- 
dination regulations of page 8l». At this time the comiputer will 
make arrangements for relaying the fligiht plan to a succeeding area 
or for notifying that area to secure its section of the flight plan 
datao The program will make appropriate indications in the present- 
status -information and coordination- information registers according 
to the various conditions which exist « 

Section A5 is used in initiating any further action required 
after the Approval Bequest Program o In those cases in whicl the air- 
craft is already in the air and needs Immediate action on a clearance, 
th® computer would proceed t® the Clearance Program to he discussed in 
Chapter IX. In other cases, the computer would prepare to dispatch an 
acknowledgment message to the originator of the Approval Bequest » 
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CHAFfEE VIII 
Separa tloa Prog ram 

Before a clearaac® caa "be given for aa aircraft t© proceed 

along a section of its flight, it is necessary that careftil checks 
"be madB t© determine whether there is any possibility of a conflict 
"between that aircraft and any other aircraft flying along the same 

section ©f the airways o This chapter disciisses and illustrates by 
mean® of fl^w diagrams th® Separation Program which win "be ^lsed^in 

carrying ©mt these checking operations » 

fhe Separation Program will actiaally he an ataxiliary part 
©f the ^learaace Program ©f Chapter IX o As will be mentioned in that 

chapter, th® Clearance Program will haire the responsibility for 
formialatijag the initial clearance for aircraft as well as extending 
these clearances as beeoaes necessary diiring the progress of the 
flights o Clearances will iie.imlly extend ahead of the acttial position 
©f the aircraft by seferal reporting points, but the basic 'lanit of 
distance in dealing with clearances and separations will be the flight 
path between success ire reporting points o The Clearance Program will 
smpply to the Separation Program the identification of a particuLar 
aircraft and the tw© -siiccessiTe reporting points between which a sep-. . . 
aration check is desired j th® latter program will then proceed to inves- 
tigate the separations which exist or will exist between that aircraft 
and all other aircraft whose flight plans have been stored by the eom- 
pmtero 

Th® end resialt of the use ©f the Separation Program will be 
an indication either that separation does or does not exist insofar as 
the availaMe data stored by the ccmpiiter is csmpleteo In this 
sense, the Separation Program serves only to perform a checking 
fisnetioni the decision as to what ©.etion should be taken as a resiiLt 
of the discovery of the existence or lack of separation will be the 
fianctioa ©f the Clearance Program o As an aid in fonatalating the 
plan of action which must be undertaken, the latter- program will 
also be st^plied with all available information regarding the con- 
ditions which are discovered to lead to a possible conflict <. 

It is a sij^risingly sii^le task for an esqjerienced hiiaan 
controller to scan a number of flight progress strips and decide 
whether or not proper e^aration will exist between aircraft o fhe 
ease with ifeieh this can be done is t© a large degree attributable to 
a human's ability to visualize a four-dljaiensional system — geographical 
relationship of airways, distance along the airways, altitude, and 
timso fhis ability is not inherent to the coisputer, and it is rather 
interesting to note in this chapter how the action of the coerputer 
in investigating separations resolves itself into a veritable maze 
of eoa^arisons and cheeks o 
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Im accordance with the discission of Chapter 1, it is 
n0t t© l^e larplied that the flow diagrans of this chapter handle all 
possible situaticaas which might conceivably arise in practice; an 
effort has been made, however, to make these diagrams accurate and 
realistic^ the limiting factor being the airfchor's knowledge of the 
operation of the ciarrent system o 

Ao Separation Standards 

lo Fixed and Moving Block System 

Tk® present scheme of air traffic control is what is 
generally teimed a moving block system o Each aircraft flying with 
am. WR flight plan is considered as being siirrotanded by a volume or 
block of airspace! the aircraft is at the center of the block and the 
block moves along with the aircraft o The size of the, block is, chosen 
s© as t© take into accoimt the degree ©f acciaracy with which the 
position of 'the aircraft can be determined c Under such conditions, 
there is n© danger ©f conflict as long as no two blocks overlap. The 
three diEemsions of the moving block are measiared by the sepsucation 
standards ~- longitudinal, lateral, and vertical « The condition that 
tw® blocks shaH not overlap is that either the longitudinal, or the 
lateral^ ©r the vertical distance between two aircrarfe shall exceed 
the corresponding separation standard o 

Ihder consideration for futtare traffic control systems and 
presently being employed in railroad operation is a fixed block system * 
In siaeh a systaa the available airspace would be divided up into a 
ntamber of stationary or fixed Mocks « The effective separation of 
aircraft would them be based on provisions which do not permit two 
aircraft t© occupy the same block at the same time, and certain 
restrictions which ensure that aircraft on adjacent blocks do not 
approach to© close to each other o 

A number of studies have been made of the relative advantages 
of these tw© systems and of their requirements in regard to block 
size and traffic handling capacity o^ The flow diagrams of this and 
following chapters are based on the existing moving block syst.em; 
mention is made here of the fixed block system because of major 
differences between it and the present system as regards the. ease 
with which a computer can check for the separation between aircraft « 
The moving block syst^a is essentially dynamic in nature inasmuch 
as the major it^a of interest is the dynamic movement and separation 
©f these blocks o The fixed block system, on the other hand is concerned 
only with the static positions of blocks and questions of whether or 
not pa*^lcular blocks are ©ect^»iedo It is -not to© difficult to see 
that this static nature offers a certain degree ©f slj^licity in 
cheeking "for separations o Similar advantages also arise in determining 

lo Inferences kh^^. 
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wljat action should be taken to resolve or avoid any conj^licts which are 
disc^veredi further eonments on this fact are made in the next chapter* 

According to the CM regtdationst 

• longitttdinal ^ - ' vertitsal , ''-or' lateral -SBparations ■■ shall 
^e provided^all aircraft operating on Wr traffic 

Clearances* 

The loisgitijdiiial separation is farther defined ass 

The lonp-tMinal spacing of aireim the same 

altitiide hj ^ miniTOmi: iii«tanee ^aspi^se^ 
of ''tSaHe-j, ■ so" thatimfter'' oiie- -alrtsraft'^-I^ over ^ a 

■specified' -posltidnp"' 'the ''next ■'■'siieceedi-ng ' aircraft '"' 
will hot arrive over the same position within the 
minimtam naHriser of mimiteso^ 

The minimsfflitiiae separations are not ■ f i3E@d> feat a.re varied to meet cer- 
tain' eohd'it'ions "which' arise o The " 'details "qf'lohg'itudinal separation 

are disciissed in- detail in Section C2 of tiiis chapter* 

?^rticai''-{ult;ittMe^ '-Reparation of 'ai3xraft"i"s fix^d at 1000 

feet''-excej>t" i-n-'t'he'''-speeial'"-'case'''of'"'lohg-''ti^M^ wh'erie" a"'" 

red^ti#ir''6f''''v©rt^^ separation "is hecessary''''dTie to' the' '^ limited '"rahge 

of 'crmising-iLlti-tMes ""at ' which" fuel ecohomy- ■|s""achieved ' and at ' which 

'there is'-no- seed" for" cdiit±3|»tts tts,@ -of -tjaqrgen. equipment* 

liateral reparation is defined as§ 

-Th-# ' iatei^l'-'spaci-ng' ■ o^ "at '''-the '"sami^ "altitude" "by 
i^equiaring-'-'operati^^ -pr'^'in ' geograph- 

i@al localities as ' determined "by visual ' observation or 
by Tsse of radio isavlgational facilitie^*^ 

For the most partp lateral separation i^ achieved -by flight 
along different airways o Each airway in itself is considered as having 
the width of only oiae aircraft^ and- generally speaking there cannot be 
any passing at the same alti-tiade of aixcraft flyitig inr~the same directioni 
A-n previ-misly noted^ the ranges "or courses of each range-istatioh^are 
wedge-shaped and about 3^ wideo " Because of this fa^t'and because " 
of the regulation requiring pilots to fly to the right of the' center 
©f the beamg the CM rules do permit opposite-directicn aircraft 
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\ 
to pass at the same altitude© For the most part^ this right-side separation \ 

is applied only to opposite»direction aircraft which are changing altitudes^ 

but At may also be used for cruising aircraft in emergencies* This type of 

separation is not used in the immediate vicinity of a radio range station due 

to the narrowness of the beam| no specific rules are used in deciding how close 

to the range station right-side separation may be employed and a figure 

commonly used by controllers is that such separation should not be used within 

five minutes flying time. of the range stationo Gontrollers do not like to use 

this type <t>f separation at large distances from the range station, due to the 

poor definition of the radio range ^ and they are very wary about using i*ight-side 

separation with other than experienced commercial pilots <, 

3o Exceptions to Use of Normal Separations 

As has been mentioned in Chapter YII^ the desire of the traffic 

controllers and pilots alike is for a minimum amount of strict regulation of 
flights conducted under an IFR flight piano In an attempt to avoid strict 
regimentation as much as is possible^, three major exceptions to the normal 
control and separation of aircraft are permitted « 

The first exception is when aircraft are flying at least ^00 feet 
on top of a cloudj, haze^, dr smoke formation and the ceiling is unlimited above 
that formation,, If the flight visibility is at least three miles and a defin- 
ite top of the foniation is known to exists no separations are required for 
en»route traffic and during daylight hours no separations are required for 
holding aircrafto When aircraft are operating ^^O0»top" they must still transmit 
progress reports g, arid flight progress strips are maiatained for all the report- 
ing points on the flight since IFR clearances are required to get the aircraft 
above the clouds ©r other formation on the ascent and to bring them down on a 
descent in preparation for an approach and landing*, 

The second situation in which the normal IFR separations need not 
be applied is under marginal weather conditions© In such cases when it is 
expected that an aircraft can climb to or descend from his cruising altitude 
with YFR visibility conditions^ a VFR restriction can be applied to the ascent 
or descent if normal longitudinal^ lateral or vertical separations are not 
possible o The restrict|.on requires the pilot to supply his own separation as 
long as he will be under 1/FR visibility conditions 2 in the event that this may 
not be possible^, alternative procedures are given to the pilot so that nonaal 
separations can be achievedo The specific regulations dealing with the 
ascent ares 

Departures may be cleared to maintain ,¥FR until a specified time 
or location if reports indicate that aircraft can continue with 
3 miles visibility and can remain ^00 feet vertically and 2000 
feet horizontally from all clouds ©l 

The determination regarding the possibility of WR restrictions as 
well as the possibility that the aircraft can be permitted **500-top" separation 
will not be made in the Separation Program j, but is handled as a part of the 
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action of the Clearance Program prior to reference to the Separation 
Program o 

In general 5 the strictness with which a flight is controlled is 
direptly dependent upon the density of the traffic* Under heavy densities 
the flights may be required to make their ascents and descents in a 
carefully specified manner* In less dense conditions^ the flight may be 
given a certain amount of leeway^ as for example "to descend past point A 
so as to reach altitude Z by point B"o Under other conditions in which 
there is no other possible conflicting aircraft on the airways, the pilot 
may ]?e allowed to decide where and when he shall make his descent or 
aseetit on the basis of his convenience and wishes « Inasmuch as this is a 
desi|"able state of affairs from the point of view of the pilots, one of 
the i^teps in the Separation Program will be the determination if an unre*^-r 
stricted ascent or descent can be made* 

Bo General Provisions of Program 

lo Path and Point Separation 

As notedj, the input to the Reparation Program will consist of 
the aircraft to be checked^ the two reporting points involved in the check, 
and the characteristics of the flight of the aircraft between these two 
points o There are two general phases to the separation check: one check 
must be made along the path between the two reporting points ^~ that is, 
along the airways =» ==. ^ the other must be made with respect to aircraft 
crossing the paths at the reporting points or aircraft holding at or near 
these points o 

It is possible to perform a check both along the path and at 
each of the end=>points^ however 5, such a method of checking becomes redundant 
when applied to successive pairs of reporting points due to the * duplicate 
checking at the points for crossing or holding aircraft. As a means of 
eliminating the double checking at these points j, the Separation Program 
will operate so as to check only at the first reporting point and then 
along the path to the next reporting point* The check upon this second 
reporting point- will be performed when the program is requested to check 
the next pair of points* Any danger arising from the fact that the further . 
point in each case is not checked imaediately is circumvented by always 
having the Clearance Program keep well ahead of the present position of 
the aircrafto The fact that most flights will terminate along the airways 
at a special marker where they will be turned over to Approach Control will, 
in general^, bypass the need for a check at a final point of the path* 

In checking along the path between two points ^ the cheek will 
usually not attempt to determine any lack of sepacbation or conflicts which 
will occur 4'cis't beyond that path on some adjacent path* This will be left 
until a check is requested aiong that path* One exception to this procedure 
will be necessary when dealing with an aircraft departing from a point 
adjai^ent to a reporting point* In checking the separations at the various 
poin^fSj, however^ it will^ of course^ be necessary to investigate the traffic 
aloni the connecting airways* 
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2o Broken Flight Paths 

The flight of an aircraft sHong the path bet^ween two points P^ and 
P2 can be respresented hj algebraic expressions containing the variables of 
distance^ time^, and altitudeo The flight may also be pictured graphically as 
in Figure 21 where distance and altitude are plotted against time« With these 
plots ^ the checking procedure would be to superimpose one at a time the flights 
of all other aircraft travelling between the points P]^ and ?2 ^^^ then supply 
the separation criteriao 

Figure 21 assumes that the speed and the rate of change of altitude 
are constanto The more general case which must also be considered is that of 
broken flight paths in which aircraft will cruise and then descend or ascend, 
or vice-versa<, In these cases the plots of Figure 21 will be composed of broken 
lines with each part having different slopes corresponding to variations in 
speed or ra"^e of change of altitudeo (It appears that the separation standards 
are siifficifntly large to consider the changes in slopes as immediate rather 
taking place slowly with a rounding of the plot at these points.) Either the' 
aircraft that is to be checked or any aircraft against i^ich it is to be checked 
may have such broken flight paths* As a means of convenience in checking such 
paths for separationj, the general procedure will be to individually checks all 
parts of the broken flight path of one aircraft against the individual parts 
of the flight path of the other aircraft* 

Co Details of the Separation Program 

lo General Flow Diagram 

The general flow diagram for the Separation Program is given in 

Figure 22* The three parts of the flow diagram which are outlined at the l^ettpra 
of the figure are each discussed in more detail in succeeding sections of this 

chapter o 

The first step in the program is to prepare to carry out the che(?k 
for separations between reporting points P^^ and P2 with the <8shara<5t.eristics of 
the flight of the specified aircraft*, This initial step must prepare the program 
to handle a broken flight path as well as aircraft departing^ from airports* 

With the initial preparation completed^ the program will proceed to 
investigate all of the stored flight plan data* If an aircraft is found which 
crosses or holds at point P]_ or travels along the path between Pn and ^2$ that 
aircraft is considered as a possible conflict and the program will proceed to 
prepare to cheek against it* Similar steps as above must then be taken to 
prepare to check against the possible broken flight path of this aircraft as well 
as the possibility that it is a departure* 

For the sake of convenience^) the actual cheeks for separation are 
divided into three categories <=<=> Longitudinal j, Altitude^, and Holding »•- each 
with a separate subprogram* The preparation for these checks will be sueh that 
an ©rderly procedure is used in dealing with the various sections of broken 
flight paths for each aircraft* As is shown in Figure 22^ if no conflict is 
found on a passage through one of the three subprograms^ a cyclic process is 
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-Figure 22 o 
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set up until all sections of the flight paths of both aircraft have been 
checkedo If no conflict is found anywhere along the paths 3 the program 
will return to continue a search among the stored flight plan data* The 
ultimate result in any casej, regardless of intermediate action, will be 
either the discovery of a conflict between the input aircraft ani an 
aircraft from the stored flight plan data or else the confirmation that 
no danger of conflict exists « 



The regulations governing longitudinal separations specify 
the following separation standards g 

Aircraft flying on the same or converging courses! 

1) Ten minutes if radio facilities permit frequent 
determination of position and speed; otherwise 
15 minutes* 

2) Five minutes if a preceding aircraft has filed 
an airspeed at least 25 miles greater than that 
of a succeeding aircraft*, 

Aircraft flying on crossing courses? 

Ten minutes if radio facilities permit frequent 
determination of position and speed| otherwise 1$ 
minute <.! 

A flow diagram for this longitudinal separation check is given 
in Figure 23<, The two aircraft to be checked are denoted by A and B, 
where it is assumed that A^ the aircraft being checked for separation, 
leaves point Pn at time T-j^ and arrives at Pg at time T2* The i^T»s 
indicated in the diagram refer to the time separations of either 10 or 15 
minutes as noted above o The letters £K and X are used to indicate y 
whether separation does or does not exists "" 

There are a number of ways in which the computer could go about 
the task of determing if the separations listed above exist© Basically 
the problem is that of deteimining if the paths of the two aircraft in a 
time-distance plot as in Figure 21 cross or are separated by less than 
the specified minimum*, Several attempts at different methods of programming 
seem to Indicate that the procedure illustrated in Figure 23 is the 
simples to 



The general program for checking altitude separations is given 
in Figure 2I40 The first steps in this program are to distinguish three 
separate cases | crossing paths j, departures^ and aircraft which have been 
permitted to make a non-restricted altitude change^ 
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After eliminating the three spseial cases ^ the program proceeds to 
determine if there is an actual conflict of altitudes • If there is a lack of 
separation at both end points^ then both aircraft are following the same path 

in an altitude^distance plot and the situation reverts to one of longitudinal 

separation^ if altitude separation exists at both end points and the aircraft 

cross altitudes in between^, the time that these altitudes are eroseed^T^ is 

calculated* A check is then made to see if the aircraft actually pass each 
otherj and if so^ the time at which they pass^ T^^ is calculated* (^ese .steps 
basically consist of determining if paths cross m the plots of Figure 21«) 

The separation standards regarding altitude changes are as 

follows s 

Altitude Change'—Same- direction Traffics 

When lateral separation is not provided and an aircraft will 
pass through the. altitude of another aircraft ,» the following 
longitudinal separation shall be provided! 

(1) Five minutes at the time that altitude levels are 
crossed^ and provided that such separation is 
authorized only when? 

(a) The vertical separation at the time of the 
commencement of change is 2000 feet or less 5 and 

(b) A leading aircraft is being cleared for descent 
through the altitude of a following aircraft^ or 
a following aircraft is being cleared for climb 
through the altitude of a leading aircraft 5 and 

(c) The altitude change is corarrienced within ten 
minutes after the time the second aircraft has 
reported over a reporting point* 

Altitude C3hange— Opposite Direction Traffics 

(2) 1/here lateral separation is not provided^ vertical separation 
shall be provided for at least ten minutes prior to and after 
the time the aircraft are estimated to have passed* If reports 
are received that aircraft have passed each other^ this 
minimum need not apply o-^ 

In view of these provisions^ a division has been made into two 
cheeks § one which deals with the more specialized case in which both aircraft 
are proceeding in the same direction and in which the first provisions listed 
above apply^ and the second dealing with the more general case listed immedi- 
ately above* These eases are noted as Case A and B^ respectively^ and are 
shown in more detail in figures 28 and 29* 

When it has been discovered that the aircraft against which the 
check is to be made is being permitted to make a non^restricted altitude change, 
the computer will proceed with the action diagrammed in Figure 2^* In such a 
case the aircraft making the non«>restricted altitude change may be anywhere 
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Flow Diagram in Preparation for Checking Against a Non-Restricted Aircraft* 

Figure 25« 
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between its initial and final altitudes o The first step is to detentaine 
if the non^ restricted aircraft has begun that portion of his f lightf if 
so^ an effort is made to determine his present altitude as a means of 
more closely restricting the region of altitude uncertainty. The computer 
proceeds by making two checks, one against an imaginary aircraft cruising 
at the initial altitude and one against another aircraft cruising at the 

final altitudeo If no conflict is discovered with either of the two 

imaginary aircraft^ it is safe to assume that there will be no conflict 
with the non^restricted aircrafto 

The pertinent separation standards with regard to separation 
of departures are as follows s 

a) Five~minute separation at the time altitude levels are 
crossed if a departure will be flown through the altitude 
level of a preceding departure and both departures 
propose to follow the same course <> Action must be taken 
to ensure that the five-minute separation will be main- 
tained or increased when altitude levels sre crossed. 

b) Threej=minute separation at the time courses diverge if 

aircraft propose to follow the ssme course immediately 

after take~off and then follow different courses, 
provided aircraft will follow diverging courses wij^M-n 
five minutes after take-off « Action must be undertaken 

to insure that the three-minute separation will be 

maintained or increased during the period the aircraft 
are following the same course o^ \ 

The flow diagram for the course of action in checking the 
separations of departing aircraft is shown in Figure 26 • It is assumed 
that both aircraft will Join _the airways at. a point Q near a reporting 
point P, and that both aircraft will pass point Q at altitudes differing 
by less than 1000 feeto (In some cases P and Q may be at the same point*) 
As indicated in the flow diagram, a cheek is first made to see if th© 
aircraft are going in different directions at Qo If this is not the case, 
then it is determined if they are proceeding to the point P where they 
diverge o If the two aircraft diverge "there, then the three-minute 
separations are put into effect o In the other cases where both aircraft 
follow the same courses the separation is handled in the Longitudinal 
Separation Subprogram, or else in a special manner if the following air- 
craft flies up through the altitude of the first*, 

The manner of handling crossing aircraft where either or both 
are changing altitudes is indicated in Figure 27 o The chief consideration 
here is that if the aircraft ijast thfe point in question with less than 
10-minutes difference, an altitude separation of 1000 feet must exist for 
at least ten minutes before and after one of the aircraft crosses the 
point « 
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The flow diagrams for Cases A aad B of the Altitude Separation are 
given in Figures 28 and 29 » The action in these cases corresponds to the prov- 
isions listed on page 113» ' ., 

li<, Holding Separation 

The relevant provisions for the separation of holding aircraft are 
given as follows? 

When aircraft are being held in flight, the appropriate 
vertical separation lainimums shall be provided between 
holding aircraft and en-route aircraft while such enroute 
aircrafts are within 5 minutes' flying time of the flight 
path of holding aircrafto^ 

The flow diagram for the Holding Separation is given in Figure 30« 
This diagraiji considers the action necessary when either of the two aircraft 
under investigation will be holding*. In general^ an aircraft will hold along 
one of the firways, with the holding pattern anchored on a reporting point P]^, 
The standard holding pattern is to fly along the specified airways inbound to 
the point 5 make a 180° standard rate turn (3° pe^:* second) to the right , fly a 
parallel straight course outbound for two minutes , make another 180° standard 
rate turn to the right and agaj-n fly towards Pj^* As noted^ if aircraft are 
holding during the daylight hours at "^OO-top" altitudes, there is no Ti.ee^ for 
any separationo If both aircraft are holding and the 1000-foot separation or 
**5G0-top** altitude conditions do not apply, there will be a conflictj if only 
one aircraft is holding a check must be made for separation at each end of the 
holding pattern and special consideration must be made for the case when the 
non-holding aircraft passes along the holding pattern or when it only crosses 
it at Pn« 
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Figure 28« 
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CHAPTER IX 

Clearance Program 

An air traffic control clearance is defined as: 

authorization by air traffic control, for 
the ptirpose of preventing collision between 
known aircraft, for an aircraft to proceed 
under specified traffic conditions within a 
control area.-^ 

This chapter discusses a number of considerations which deal with the 
general subject of clearances, and sets forth an outline of the method 
by which the computer would proceed to process and issue clearances to 
the aircraft under its control. Because it is felt that further and 
more exacting study must be given to ways in ^ich a moderate amount of 
human intervention may be applied, certain aspects of the Clearance 
Program of this chapter are not diagrammed and are limited only to 
discussion. 

A« Processing of Clearances 

1. Present-Day Methods 

In general, the philosophy of the present system is to permit 
the pilots or operations offices to select the times of takeoff and 
cruising altitudes for their flights. Within this framework the control- 
lers must provide the necessary control instructions to permit the 
aircraft to s af ely reach these cruising altitudes and later to descend 
safely on their approach at the airport of destination. Of course, if it 
arises that the use of a particular cruising altitude or time of takeoff 
will lead to a specific lack of separation with one or more other aircraft 
on the airways, the control centers must be able to suggest silternate 
flight plans. 

Unfortunately, it is impossible under the present system opera- 
tion to adequately determine at any one time whether a particular flight 
plan ^11 permit safe separations at all points along the remainder of 
the flight. As noted, this is primarily due to the fact that the traffic 
control centers do not have adequate forewarning of all conditions which 
will prevail over the remainder of the flight | this is not only true 
of the weather conditions, but the traffic conditions as well. As 
regards traffic conditions, it should be noted that under present opera- 
tion all the traffic information is not concentrated at one point or 
with one person, rather the information is spread out among the controllers 
for the different sectors and among the centers controlling the different 
areas . 
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It should also be realized that it is rather difficult to fly 
an aircraft at a constant ground speedy and hence it is difficult to accurately 
estimate times at which aircraft will pass over future reporting points • Pilots 
can fly at a fairly constant speed relative to the air mass^ but the winds may 
cause rather sizable changes in the true ground speed. Since the knowledge of 
the winds aloft is at best only i)f a sketchy nature^ future arrivals over the 
reporting points can hardly be estimated with an accuracy of better than a few 
minutes^ thus making it rather futile to base separations on time estimates of 
aircraft at points some distance ahead of their present positions. 

Another contributing, factor which effects the accuracy ©f time 
estimates of aircraft is the probable lack of synchronization between watches of 
pilots and the clocks in control centers. For this reason and those above, and 
in the general interests of safety^ controllers make every attempt to ensure that 
separations do not deteriorate to the bare mnimums of the previous chapter; 
whenever possible a leeway of several minutes is provided as an operating margin* 
In this way 5, safe conditions are possible even if there is a jslight deviation in 
the time^ that aircraft pass reporting points. 

As a result of the factors mentioned above, no attempt is now 
made to provide or check for a safe channel or path for an aircraft from its 
point of departure clear through to its point of destination before the aircraft 
departs alon^ its flightj rather a flight plan is only carefully cheeked at one 
time for separations over a section of its flight corresponding to ^ few 
reporting po|.ntSo The exact number of points depends upon the geographical 
layout of tlaf sectors 5, traffic densities, weather conditions, etc. For the most 
part, then, piy planning is of a short rather than of a long term nature* This 
means that c|)ntrollers must be able to decide upon and use alternate procedures 
at any time |^ traffic is to flow smoothly and safely* 

2o Standardized Computer Procedures 

In using the computer to process clearances, it would be desirable 
to give a clearance for the aircraft over a fixed number ©f reporting points 
ahead of its present position. It would also be desirable to give a single and 
complete elegance to cover all sections of an ascent or descent, rather than 
splitting up each of these sections of a flightj^ the single-clearance handling 
of an ascent and descent will permit a complete and coordinated decision to be 
made as to the best ascent or descent path (see page 13?)* A single-clearance 
procedure is made possible through the feature of the provisions for coordination 
between art aP which give complete control over an ascent or descent to either 
one or the other of the two adjacent centers. 

As a means of satisfying the requirements of a standardized 
procedure for handling clearances, the computer will always provide an aircraft 
with a three^point clearance extending through the succeeding two and up t© the 
third reporting point ahead. As the aircraft passes from one reporting point 
to the next, upon receipt of a progress report over the second point the computer 
will proceed to extend the clearance* ¥hen the third reporting point in a 



lo As used in this chapter, ascent and descent refer to the altitude change 
©n departure or arrival, not altitude changes made en route. 
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clearance is on part of the aircraft "s descent^ the clearance will be 
extended ahead another pointy if necessary (see page 79 )» to give 
complete coverage of the descent^ for an aircraft initially departing 
from the ground^ the three°point clearance is sure to cover the complete 

ascent and at least a single section of the cruise e 

It will be desirable to pattei;^^ the behavior of the computer 
after the practices of the human controllers and have the clearances 
checked for separations somewhat greater than the bare minimums. This 
can be accomplished either by increasing the minimums of the , Separation 
Program or by checking separations not only for the true time estimates 
of the aircraft but for values increased and decreased by several 
minutes o When the progress reports from the aircraft indicate that the 
aircraft are within a permissable margin of safety about the previously 
checked estimatesj, there is no need to recheck separations for the existing 
clearance and the computer will procfed m^rply to extend the clearance | 
if the aircraft does not pass over the reporting point within a specified 
margin about the checked estimate ^ the computer must proceed to recheck 
and possibly revise the remainder of the previous clearance^ as well as 
extend the clearance by another points 

It might prove to be advisable^, from considerations of safety 
and reduction of computer operations j, to store with the flight plan. of 
each aircraft the variation in time permissible at each reporting point 
within which the actual time of passage can fall without danger of conflict« 
This is another of those situations in which the expenditure of a large 
amount of storage space can shorten the overall amount of computer 
operationo 

Although clearances for aircraft flying "^OO-top" need not be 

checked for separations^ it will still be necessary to proceed in advance 
of the aircraft by the three^point clearance distance so that appropriate 
action can be taken to obtain a descent clearance to bring the aircraft 
down through the clouds on its approach o It also appears that in the 
interests of reducing complication without imposing severe and undue 
restrictions on the system^ no flights should be dispatched with a 
»«500-top^* clearance unless the clearance appears to be valid for the 
entire flight on the basis of current weather reports o 

3e Handling Coordinated Clearances 

As discussed in Chapter VI ^ it will be necessary for computers 
of adjacent areas to coordinate clearances^ this coordination to be 
accomplished by having one computer suggest a clearance and the other 
computer accept or reject it o One possible method of implementing this 
action would be to have the second computer independently devise and 
process a clearance which could then be checked against the details of 
the other proposed clearance o Such a procedure would be possible inasmuch 
as the details of handling inter- area flights require the storage of the 
same data in both eomputers| it would be necessary^ however^, that the 
standardization of the procedures be such that both computers would be 
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likely to arrive at the same clearance o A somewhat simpler approach would b@ 
that of having the first computer supply the details of the proposed clearance 
to the second computer o This second computer would check the time estimates 
of this clearance and would then process it in almost the same fashion as it 
would a normal clearance in checking for separationo In referring to the flow 
diagrams presented later in this chapter^ it will be seen that only . relatively- 
minor modifications are necessary to perform this coordination action* 

B<, Conflict Elimination 



A most formidable problem is that which deals with making decis- 
ions on how to direct aircraft when it is revealed 5, as for example by the Sepa- 
ration Program of Chapter VIII^ that there will be a conflict between two 
aircrafto A realization that a conflict exists will generally be discovered in 
the Separation Program when the computer is preparing an original clearance or 
when it is attempting to readjust a clearance because, an aircraft has not met 
the conditions of a previous clearance o The desired action in. such situations 
is the determination of a new clearance which will not only provide for safe . 
separations!) but which does not introduce long delays or inconveniences in the 
flighto As regards these latter points^ it is obvious that although in most 
situations it would be possible to have one of the aircraft involved in a lack 
of separation situation hold over a specific point for a certain length of time 
until the danger of conflict had passed^, it would be more desirable to use as 
the means of conflict elimination an action such as an altitude change which 
would not impose any excessive delays on the flighto It is also clear that in 
any system in which the planning and conflict elimination is carried out only 
over a limited section of afLight^ there is little guarantee that the measures 
taken will be such that they involve a minimum amount of delay with respect to 
unknown conditions which may exist later in the flights 



As stated in the previous chapter^ the computer will retain and 
store a number of flight plans for aircraft which have been successively checked 
against each other for separationo The question then arises as to how to 
proceed to eliminate the conflict when a new flight plan or revision of a prev- 
iously accepted flight plan does not give a proper check against the others. 
One possible answer would be to consider the accepted and checked flight plane 
as being fixedj, with the only variable being a flight plan for the aircraft 
which does not checke In this casej, this aircraft alone must have its flight 
plan altered so that it provides no conflict*, 

This •* one-variable" scheme is by far the easiest from the pro- 
gramming and decision-making point of vieWj, and it is probably quite satiifactory 
when traffic conditions are not heavy and there is a good de^ of available 
air space o The ideal solution^ on the other hand 5, would be to consider all 
aircraft as variables which could have their flight plans altered in accordance 
with the desire for proper separation with a minimtmi of inconvenience and delay 
for all aircraft eoncernedo The mechanization of such a scheme is rather complex, 
however I, and it becomes a question as to whether the cost of such mechanization 
in terms of computer storage and operating time is worth the end results^ 
especially when the computer action is balanced against the ability of a human 
controller in such a situationo 
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The difficulty of the mechanization is quite apparent, especially 
in view of the moving block system presently employedo With a fixed 
block system there are a limited number of variations which can be made 
in the flight plans of the aircraft | that is ^ there are a definite number 
of blocks and a definite number of aircraft and the problem in a limited 
sense is to pick the proper blocks o Such is not the case with the moving 
block system in which there are essentially an unlimited number of changes 
which can be made in the positions and movements of the blocks* 

A consideration of the use of the fixed-block system as a smeans 
of performing and carrying out scheduling functions for all flights will 
mentioned in Chapter Xo In view of the difficulty in the use of the 
computer in effecting conflict elimination for a pure moving block system, 
it does seem that as a meatis of easing the problem it might be possible 
to reach a compromise between the two extremes in such casesj one such 
compromise might take the form of artificially dividing the airspace into 
small volumes which could then be used in determing what types of changes 
a moving block system might employ as a means of conflict elimination* 

Another problem in the mechanization of conflict elimination is 
the choice among the rather large number of alternative procedures 
which can be employedo As an example of these possibilities, consider 
the following partial lists 

a) Cruising aircraft 

i) Holding 

(The aircraft can be held at a particular marker, 
although such action should be carefully considered 
in light of delays and in possible consequence of 
impeding other traffic by holding at a busy reporting 
point or intersection of airways) 



ii) Ascent ©r- Descent 

(Care must be taken that any ascent does not set the 
aircraft at an altitude inconsistent for approach or 
transfer to a holding stacks the aircraft cannot be 
sent up to an altitude too high for its operating 
conditions o Similar considerations apply to descents s 
the aircraft should not be dispatched to an altitude 
below the stack acceptance level or to an altitude 
unsafe due to the terrain conditions*) 

iii) Eight-Side Separation 

(This is normally only applicable to opposite 
direction traffic when the aircraft are properly 
situated in respect to distance from the range 
station© As noted, it is probably best only to 
use this type of separation for experienced pilots). 
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b) Departing Aircraft 

i) Holding on the ground 

ii) VFR Restrictions 



(This can be used if weather conditions are 
favorable) 

iii) "Stepping" 

(Aircraft can be despatched to asCendj, cruise, ascenid-, 
etCo^j so as to permit safe separationo Care must be 
taken to get the aircraft above the terraih ndjaiwuias) 

iv) Non-'-Restricted Ascent 

('Phese procedures can be used in full^ or the aircraft 
can be requested merely to reach an altitude at a 
specific time or to pass a point at a specific altitude) 

v) Right-Side Separation 

c) Approaching Aircraft 

i) Holding 

ii) Right-Side Separations 

iii) **Stepping*' 

(Certain procedures of cruisej, descend|, cruise^ descent^ 
etc^ can be utilized,, Care must be taken so as not to 
place the aircraft too low for the holding stack^ if 
any exists) 

As -already noted^, it is not unusual at the present time for 
several controllers to arrive at different solutions when faced with the same 
conflict problem*, An important aspect is the previously stated fact that the 
choice of variation or procedure must be consistent with convenience and a 
minimum amount of delay^ Hence^ in f actj, while controllers will put certain 
procedures into effect with only the desire to effect safety over a limited 
section of the flighty they will choose procedures which offer a reasonable 
assur^iic® that the flight is not put into a condition where it will be handi- 
capped later ^ as for example by being at an inconvenient altitude for transfer 
to approach control or for landing* 

A true appreciation of the flesdbility and comprehensive nature 
by which the human mind operates in a decision-^making situation such as conflict 
elimination can probably only be gained when one has tried to outline in a flow 
diagram the mental processes which must be carried out<, The author has spent 
a good deal of effort in considering the most simple form of the problem in 
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which the flight plan for only one aircraft was considered as variable* 
The resulting flow diagrams^ even with the most stringent of conditions 
and a strict standardization of procedures^ were highly complex and 
lengthyo In view of this result^ it is the opinion of the author that the 
general problem of conflict elimination is one best suited for a certain 
degree of human intervention and control*, 

There are a number of forms that the introduction of the human 
controller might take*, He might be presented with all the relevant 
information and then be permitted to propose a procedure which the com- 
puter would then carefully check for accuracy and lack of conflict* The 
Approval Request Program calculated time estimates for all of the 
reporting points over which a flight will pass| these tentative estimates 
should provide to a himan a fairly good idea of the expected traffic 
conditions and should be useful in guiding his decision. As an alternative, 
the human might be consulted by the machine in only the most difficult 
of cases o The author hesitates to decide the extent to which the human 
element should be introduced^ in particular it is felt that a good deal 
more experience in the actual operation of the system and a study of 
where standardizations could be made without undue restrictiveness would 
be necessary before a proper decision could be reached*, It is strongly 
felt that it would be necessary to determine how efficientlyj, accurately, 
and rapidly a human operator can make decisions concerning conflict 
elimination when all the pertinent data is presented to him in a suitable 
f ormo The degree of efficiency would have to be gauged in respect to 
the handling of all types of separations as well as accelerated traffic 
GonditionSo From a cursory examination^ it appears that a scheme in 
which the human made the basic decision as to how the conflict, should be 
regolvedj) coupled with the use of the computer for supplying details and 
for checking^ would hold a good deal of promisee 

For the reasons described abovei, in succeeding sections wherein 
flow diagrams are presented^ blocks labelled Conflict Elimination will be 
used in lieu of specification of the exact means by which this action 
shall be carried out*, 

Co Altitude Assignments 

II' I,. I y 

A problem closely related to that of conflict elimination is the 
assignment of cruising altitudes for aircraft© Although pilots and oper- 
ation offices are permitted to initially request a cruising altitude, in 
many cases it is not desirable to permit the flights to proceed at the 
requested altitude o The problem is basically that of assigning aircraft 
to altitudes so as to permit the optimum handling when it later' becomes 
necessary to l^nd theme Officially stated? 

Insofar as practicable^ cruising altitudes of aircraft 
flying to the same . destination shall be assigned in a 
manner that will be correct for an approach sequence 
at destinationo 
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The first aircraft estimated to arrive over the point 
from which approaches are commenced will normally be 
the first aircraft to approach^ Other aircraft will 
normally have priority in the order of their estimated 
arrivals over such point o 

Altitudes at holding points shall be assigned in a 
manner that will facilitate clearing each aircraft 
to approach in its proper priority*, Normally the 
first aircraft to arrive over a holding point should 
be at the lowest altitude^ with following aircraft 
at successively higher altitudes«l 

The situation which these regulations are intended to prevent are 
those in which the first aircraft to land arrives at a higher altitude tligffii? a 
following aircraf t^ and must be brought down through the altitude of the second 
aircraft* If the two aircraft will arrive over this point at about the same 
time^ then it is seen that this changing of the altitude becomes a rather 
difficult taske It is not hard to envision situations more complex than that_^ 
above^, situations in which it is imperative that proper assignment of altitiid^js 
be made beforehand. 

The most desirable state of affairs would be that in which an 
optimum assignment of altitude had been made when each aircraft entered the 
control systemo For the reasons noted in the preceding sections of the chapterj, 
such preassignment is rather difficult to achieve. The only convenient situation 
in which it can be successfully accomplished is when the aircraft in question 
are both dispatched from the same airportj, in which case the action could be 
undertaken by the Approval Request Program^ In other cases a controller handling 
the sector including a particular airport will either make an attempt to 
properly sequence aircraft when they enter that sector or will request the con- 
trollers of adjacent sectors to change the altitudes of aircraft in their sectors 

so that the proper assignment will havebeen achieved*, The method by which ; 

clearances for arrivals are handled will permit the computer to make such a check 
on the altitude assignments of all aircraft at least three reporting points 
before they begin their descent* 

Basically^ the altitude assignment has all the aspects of the 
conflict eliminations discussed in the previous sectipni, and the discussion 
there applies to a great extent hereo As for the mechani25ationj it would appear 
that it might be carried out in part by the Approval Request Program^ and in 
part by the section of the Clearance Program dealing with arrivals* However, 
as in the case of conflict elimination^ a number of questions arise as to how 
the reassignments ©f altitudes should be made. It is felt that this again is 
an appropriate spot for human intervention j, and although the author has drawn 
up several flow diagrams for the optimization of altitudes assignment by the 
computer s) herej) again^ the action will be represented in the flow diagrams by 
only a single blocks 



lo Reference 16^, page 10 
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Do Subdivision of Progrgmi 

lo Relationship of Subprograms 

The Clearance Program logically- divides itself into four main 
subprograms s Progress Report, Ascent Clearance, Cruise Clearance, and 
Descent Clearance, The subprograms are schematically represented in 
Figure 31 in which the general plan of action of the Clearance Program 
is illustrated. 

As the names imply, the Ascent, Cruise, and Descent Clearance 
Subprograms handle the clearance for those three major sections of a 
flight. Initial clearances for flights are obtained via the Approval 
Bequest Program or upon receipt of a Clearance Bequest message* Depending 
upon the condition of the aircraft — on the ground or in the air — a 
three-point clearance is then processed and issued^ These clearances may 
be extended or revised in accordance with the results of the progress 
reports received from the aircraft. The three subprograms may also be 
entered as a result of a request for coordination on a clearance by 
another area, 

2o Progress Report Subprogram 

The outline of action for the Progress Report Subprogram is 
shown in Figure 32 « Action of the subprogram will commence upon the 
receipt of progress reports when aircraft pass en-route reporting 
points I departure notices, holding passages, or messages from aircraft 
"stepping" up through altitudes will not be handled in this program* 

As previously outlined, the main function of the program 
is to determine whether the aircraft is within an allowable deviation 
from the time it was estimated to pass the reporting point* , If so, 
action is taken to extend the clearance, otheirwise the program determines 
what section of the flight is being handled and a return is made to 
cheek for separation and possibly revise the clearance* 

3« Cruise Clearance Subprogram 

The Cruise Clearance Subprogram will be used for the following 



purposes; 



a) processing a clearance following an ascent to 
cruising altitude, 

b) processing a clearance for an aircraft entering area 
at cruising altitude. 

c) processing a clearance for sn aircraft entering IFR 
control while craising. 

d) extending a clearance following a progress report. 

e) checking and revising a clearance following a progress 
report , 
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Approval Request 



N^ 



Coordination 
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Clearance 

Request 




Ascent Clearance 
Subprogram 



\l/ 



Cruise Clearance 
Subprogram 



\i 



Progress Report 



i 



Progress Report 
Subprogram 



Descent Clearance 
Subprogram 




Plan of Action for Clearance Program 
Figure 31 • 



Report R-203 



-132-' 

Inputs progress report 

Find appropriate flight 
plan in storage. 

Is progress report correct as 
regards reporting point and altitude? 



yes 




En^gency action 



y 



Does aircraft leave control 
of computer at this point? 



N^ 



yes 



no 



Is he leaving area? 



M/ 



yes 
Coordination 



Is aircraft Tiithin allowable 
deviations from time estimate? 



no 



yes 



no 



Nk 



Cancellatjibn of 
stored flight plan. 



Is aircraft 500-top? 

^/yes no 

Revise time~ 

estimates at 

remaining reporting points. 

Is aircraft leaving Is aircraft 

airways before next point? ^in ascent? 



yes 

Set up time- 
delayed action 

Is aircraft presently 
descending? 



no 



yes 



no 




yes 

Approach control 
coordination if 
necessary. 



no 



Prepare to check and 
revise .ascent clearance 

To jiscent Is aircraft 
Clearance in descent? 
Subprogram 



yes 



s/ 



Does aircraft have 
full clearance for 
rest of flight? 

no 

Prepare for further 
one-point clearance 

To Cruise Clearance Subprogram 

To Descent 

Clearance 

Subprogram 



Prepare to 
check and revise 
descent clearance 



^ 



no 



Prepare to check 
and revise three- 
point cruise 
clearance 

To Cruise 
Clearance 
Subprogram, 



Progress Report Subprogram 
Figure 32, 
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The action of the subprogram is outlined in general form in Figure 33 • Gases 
b) and c) are first distinguished in the subprogram and are handled separately; 
the other cases enter directly into the cyclic part of the action which will 
handle a clearance of one, two, or three reporting points depending upon the 
purpose for which it is used. After all of the special conditions are distin- 
guished and isolated, a check for separations is made with the Separation 
Program, ^en a conflict is 4iscovered it is assumed that proper elimination 
of conflicts and assignment of altitude will be made. Following the processing 
of a complete clearance, the computer makes appropriate ahanges in the time 
estimates over the uncleared points, sets up the condition registers, and 
prepares to dispatch the clefrance. 

In this subprogram, as well as those for the ascent and descent 
clearance, when preparing for the use of the Separation Program the times at 
which the two reporting point)? will be passed will be estimated. This estimate 
will use the current wind coiiditions as well as the airspeed of the aircraft. 
In accordance with current practice, the observed deviation of the aircraft as 
determined in a previous progress report, if any, will be used to obtain a 
better estimate; such a process is equivalent to having calculated the actual 
ground speed of the aircraft and used it for the new estimate. Little or no 
use is made at the present time by the controllers of knowledge of the actual 
winds which can be calculated by determining the true ground speed and sub- 
tracting from it. the reported air speed of the aircraft 5 the author has at 
times been, amazed at the accuracy with which controllers estimate times using 
only the cruder methods described above, and there appears to be little to be 
gained by using a more sophisticated method. 

Ascent and Bes cent Clearance Sulpprograms 



Flow diagrams for the Ascent and Descent Clearance Subprogram 
are presented in Figures 3ii and 3^. The general action of the Ascent Clearance 
Subprogram will be to process the cleara^P® ^P "to the point of the flight at 
which the cruising altitude ip reached^ at this point the clearance is taken 
up and handled by the Cruise Subprogram. The Descent Clearance Subprogram 
similsarly handles only the descent portion of the clearance with suitable 
coordination being made with the Cruise Clearance Subprogram. 



As already noted, it will be the duty of the computer to decide 
upon the manner in which aircraft will be dispatched to or from the cruising 
altitudes when on ascent or descent. The most desirable paths, in either case, 
are straight-'line ascents or descents at maximum rate of change of altitude. 
This line of maximum altitude change represents one boundary on the ascent or 
descent, the other being the terrain considerations. If a conflict is dis- 
covered on the path of maximum altitude change, it will be the function of the 
computer to find some other acceptable path between the two boundaries; a path 
with a slower rate of change of altitude or one which follows the maximum path 
for only a certain distance can be tried. As a means of implementing the 
conflict elimination and altitude assignment functions, in processing an ascent 
clearance the computer will proceed in a forward direction along the flight 
path, starting at the point at which the aircraft joins the airways| and in 
processing a descent clearance the computer will consider points proceeding 
back up the descent path from the point at which the aircraft will join the 
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input 

Is aircraft entering area 
or beginning IFR control? 




yes 



Set up to handle clearance 
for required number of point? 



Prepare to consider first 
point for clearance 



Does aircraft leave area 
at this, point? 

no yes 



Altitude Assignment 

Can flight be carried out 
in entirety at 500- tops? 



no 



yes 



Set up for three- 
point clearance* 



^ 



Does descent start here 
or before nejct point? 



^ 



Goordination 



no 



/s 



yes 



■^ To Descent Clearance 
Subpi'ogram, 



Does aircraft leave 
airway at this point? 



no 



yes 



yes 



\£- 



Is flight 500-tops? 



-^Clearance completed 



no 



:^ 



Check for separations 

Gonflict4r-=%eparation Program 



>/ 



no 



vk- 



yes 



\/ 



H/ 



■ ^ Conflict Eltodnatloni^Altltnde Assignment 



Have sufficient points 
been considered? 



no 



V 



Prepare to deal 
/ with next point. 



yes 



^ 



Bevise estimates 
-^ over uncleared — 
points 6 



Set up condition Prepare to 

-^registers « ^dispatch 

Mess age o 



Cruise Clearance Subprogram 
Figure 33« 
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V 
Prepare to 

consider next^^ — 

succeeding point 
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Input 

Prepare to start at point 
where aircraft joins airways 

Can ascent fee made VPfl? 



no 



±. 



nL 



yes 



Altitude Assignment 



Coiisider first point on 
ascent 



lec 



Nk 



Check for separation 
^ ">-. 



Conflict? 



Separation Program 



no 



Is aircraft still on 
ascent at this point? 







yes 


Conflict 
Elimination 


J 



V 



lAltitude 
IfAssignment 



yms 



no 



Prepare to retiim to Cruise 
Clearance Subprogram for 
rest of clearance 



I 



<- 



Set up condition registers 
Prepara to 4iit>atch message 



-^Cruise Clearance 
— -Program 



Ascent Clearance Subprogram 
Figure 3U«» 
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Prepare to con- 
sider the next 
proceding point, 
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Input 
I 

Determine %ntry point to stack 
or point where aircraft is re- 
linquished to approach control* 

Candescent be made VFR? 



no 



±. 



nK 



yes 



Altitude Assignment 



ider; 



^ 



Check 



Consider first reporting point 
back up path* 

leck fOT* separation. 



Separation Program 



Conflict? 



no 



yes 



) Conflict 



\k 



Altitude 



Elimination -^Assigfiiment 



Is aircraft still on descent 
at this point 



yes 



no 



N/ 



Prepare to return Cruise Clearance 
Subprogram for rest of clearance 



y 



->Cruise Clearance 
- Subprogram 



N/ 



Set up condition registers 

Prepare for coordination 
with Approach Control, 



djLi 



Prepare to dispatch message 



Descent Clearance Subprogram 
Figure 35» 
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stack or be transferred over to approach control. Because of these 
reasons, there is a great degree of similarity between the ascent and 
descent subprograms 5 with careful programming it might be possible to 
combine the action of the two programs with the exception of the function 
of conflict elimination and altitude assignment • 
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CHAPTER t 
G^neyal System Im provements With ^pe @f Computer 

Ao Imtyoduetiong 

The previous chapters have dealt exclusively with the use of a 
computer within the specific framework of the existing system of control. 
As noted in these chapters p the present procedures and methods have been 
predicated upon the a s stamp t ion that human operators are the central con- 
trolling elements of the system^, and in several instances specific situa- 
tions were pointed out where it appeared that more standardized proced- 
ures were desirable for mechanization wii^ the computer • As a conclud- 
ing chapter to this study p several rather general remarks will now be 
made in regard to certain advantages \^ich might accrue if one considered 
the use of a computer in a system not planned for or restricted to the 
abilities ©f the human coutrolierSoThese^ -remarks are not intended to be 
comprehensive ©r to include eonsiderations of extremely faturistic systems 
in which the mechanization not oiiiy involves-pBrsonnel on the ground but 
extends to the use of airborne equipment for- flight control of the air- 
craft! rather the remarks are merely included as an illustration of the 
fields to which the use of a computer for air traffic control can be ex- 



Bo All-Weather Gontrol 

Present regulations require tfarstrit;t control an(| supervision 
of only those aircraft travelling" altm^' the arirway^ during IFR flight 
conditions f atlthou^ as noted^ it is iitrfcr lai^^ for pilots to request 
an IFR clearance when flying tutder WR conditions o The safety record for 
aircraft flying with IFR clearances is extremely hi^p and stands as a 
tribute to the little-publicized efforts of the air route ti^af fie control 
centers and their personnelo At the present time, the lar|fe majority ©f 
mid-air accidents or collisions occur dtarlng good visibility conditions 
when pilots are responsible for their own safety and separation© Of a 
similar nature is the fact that some of the most difficult situations for 
the traffic controllers occur in what might be termed as "border-line* 
weather conditions o In such conditions when the weather and visibility 
are apt to change rapidly p it is not unusual to have a number of en-route 
aircraft file IFR flight plans within a short span of timso The coordin- 
ation of information and the establishment of appropriate separations be- 
tween these aircraft and those already under traffic control presents a 
taxing and difficult problemo The situation may become rather dangerous 
if the deterioration of the weather and visibility is so sudden and 
complete that the aircraft are not able to maintain VFE flight while a- 
waiting the IFR clearance© 

The above-mentioned situations might be averted if all flights, 
WR and IFR allkep were controlled by the centers | it is probable, how- 
ever p that the present control centers could not handle the large numbers 
of aircraft that fly in fine weather© The use of a digital computer prob- 
ij ©ffers a satisfactory solution to the problem and the extension of the 
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use of a computer to an all-weather control system would not differ radi- 
cally from the discussion in the main body of the thesis* Clearance based 
on appropriate separations would be required for all aircraft j and certain 
exceptions to control such as VFR restrictions or flights 500 feet above 
clouds would probably be modified or eliminated o The much larger bulk of 
traffic which would be handled l^y the system might lead to the employment 
©f different data-handling and storage procedures than have already beea 
mentionedj, but the general nature of the computer work would be similar to 
what has already been described except that it would be at an increased 
tempo© 

If an all-weather system were adopted 5 it would be possible to 
consider variations in separation standards •; The--present separations 
would be retained for IFE flights — it is' coneeivable that' the accuracy 
or reliability of the computer in the system might even ease and reduce 
these separations— while a separate and less strict set of standards 
could be adopted for VFK flights in the daytime and another set for VFR 
flight at nights o The provisions noted in Chapter' YIII for non-restricted 
altitud® changes could be used in an all-weather system to give WR flights 
as much freedom as is consistent with safety© 

An extension to all-weather control. ;over"the airways would be 
but a first step in" the establishment of. a/complete overall system of con- 
trol© The second step would be to eliminate the restriction 'to the con- 
trol of aircraft only on the airwayiTo ' It -the^ "present time ^-iiijis" would be- 
Impossible due to the limited "extent- of the mvigatlc^ 
the Civil Aeronautic Administration is .now- .developing and ins'tfilling new 
navigational aids^ -which will essentially pi^vide an unlimited' n-umber of 
flight paths and markers in a traffic control area. With appropriate air- 
borne equipment^ and in conjunction with the new ground equipment p pilots 
will be able to contin«i.®i.sly determine positions and bearings with respect 
to a ground station and will be able to navigate a straight path between 
any tw® chosen geographical points© 

The present methods of control ^ based as they are on the fixed 
airways and the fixed reporting points ^ are certainly not applicable to 
an all-area control system^ and for this reason in the early stages of 
the use of the new equipment the pilots flying under IFR conditions will 
still be restricted to a small fixed number of paths© Such restrictions 
■could be eliminated with a digital computer ^ and it would be possible to 
us® the coErputer as the control element in a system which permitted air- 
craft to select ©ptisum flight paths anywhere in the area© Such a system 
might be ©f the moving block type | however in view of the large amount of 
available air space a fixed block system could probably be used without 
drastically reducing the traffic-handling capacities© The methods ©f 
checking for separation in such a system might require fixed blocks ®f 
airspace I however p a ©oBspromis® between fixed and moving blocks might be 
reached in view of the feature of being able t© determine the positions 
©f the a-ir©raf°t more ■acciarateljg as well as being able to obtain position 

1© B@fer®ncr59'asa::4^ 
2© "Reference, 41 
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reports whenet(i3^ they are desired o 
Do Use of Radar 

It will take a niamber of years before navigation eqmipmeat of 
the type described above can be put into f till operational use for all 
types of aircraft o The laajor deterrent to its widescale use will be the 
fact that a certain amount of the equipment must be airborne 5 this, 
pirns its expense p places a burden on commercial carriers as well as the 
large namtoer of private aircraft o 

It is possible to envision a grouM-based navigation system 
usin^ only surveillance radar « Such a system has the advantage of re- 
quiring no special equipment in the aircraft ^ while still permitting 
almost contiMttou®' positioa mea-surementso, It -should be realized, how- 
ever j, there are a number of difficulties, connected with the efficient 
use of" radar as an aid to navigation or to traffic control | among 
these difficulties are those technical, problems associated withg 

discerning moving targets in the presence of fixed targets 

discerning aircraft in ;the -presence of storm clouds 
e) discerning small aircraft at long ranges 

c ) determination of altitude 

A large amount ■ of engineering- ef far t has, fe«en put into eJ^forts at curtail- 
ing these limitations ^ and with in^jroved ground equipment as well as a 
small amount of airborne equipment it has Teeentiyb to 

achieve more satisfactory ■©perati-on-. , . TkdM ±s ^evidenced by the Successful 
use of surveillance radar during th« Berlt^ Atriift in 1949-195Cr- and by 
the recent decision "ty the Civil leronarutics Administration to use radar 
as an aid and monitoring device f or Approa-ck Control*^ 

There are also a mmfeer of pperatli^ re- 

strict the use of radar for navigation and "traffics control- purposes. The 
major of these is the fact that i*»^m^ no identification 

of the target other than itts position « "^its"- means Hhat once one has 
established which of the radar "eeho«s.;corT^iip0nife-""iio a particxil^ air- 
eraftp the aircraft must. M '^foliowed"* 'or^ "bracked'" during 'the succeeding 
scans of the radar o Kils trackingr'procBdure can become fairly difficialt 
when a number ©f aircraft are flying close together or if the radar re- 
turns contain a good -deal of errors or^ "extraneous noise o 

The normal presentatioii of radar data on a plan position ia- 
■di-cat@r- i^t) does not include ai^ provisions for indicating altitude, 
and the geographical positions of the aircraft must be measured from the 

-^c#pe faceo In vl«w 'of irfae ±if-®rmati©n-|iandliag and data-processing 

nature of th^problemp it would seem that a coB^uter could 'be conveniently 
used for the' p^fposes ©f tracking and data presentatioMo In performing 
the former of these tasks ^ the computer might be programmed to utilize 

lo Heferenc® 33 
2o Reference M 



Eeport R«.203 ^.^ 



the same criteria and types of |Qdgment applied to the tra«?king probl«m 
l^ a httsan; in the latter taskr^ th» compntf r by Yirtme of its ^jiternal 
storage could not aet as a filter and ¥oul($ provide as an output — ob 

paper 'tape I, typ^witer^ etCo -— the -data of interest* 

£ p Sche4^in^ and Planningo 

In the preritras chapter mention ¥as laade^ of two t?f t)ae more dif- 

fietilt probi«isis- of air •traffie-controlt 'conflict ■■■eiifflinatlon-'^and assign- 
ment of optlBramaltiimdeuo These are actimlly scheduling problems j one is 
associated ¥ith the safe'ly of the traffic^ the other with the orderly and 

expeditions iffioviiiment of the traffic o 

There a,re a large nomber of ;wa js in "which the 14«a of schedul- 
ing can be applieij - to 'the control of ■ air traffic o Ag- was explained in 

the previous chap'^ers p "pre-sehe'duiing and 'planning piayar but a little 

part in the pres-eiit sy^'eSo Aircraft' ^are-'dispa'tched idtth a "certainty 

only that no conflict will exist during the "first section ^f the flight, 
and with little or no a ssxErance that they will not have to b^ delayed in 
the air at their destiisationo It is no"t that i^ere is no liesire to do* 
pre^schediiling ■ or a lack of 'desire 'to' irfciii^ schedules of com- 
mercial aircraft p rather it is -^^he difficulty ©f taking^- such factors into 
account o In sostrart to-t.he 'curreirt '"syst^ one can- envision ^ system 
in which each aircraft before it leaves i7hegrou!3d has a complVbe schedule 
which is predicated on adequate s'eparatioms^ proper aBsignraei|t of altitude, 
and a "iiinlmam:''of' deiayo Hith such- a-properixiievi'sed schedule ■ which took 
into account sssall en-route delays and -weather changes p the iiraf f ic con- 
trol fuaetion for the most part would merely be one of monitoring all air- 
craft to make sure that they -"kept t® 'th®4r schedules© 

Of course p between the two "extremes of the present' "System and 

the optimam 'System- there are a nfflsfeer -of possibiiitteso A first step in 

the direction of coB^iete scheduling- is that of flow" contr0|' in which an 
attes^t -is made' to regulate' the fl-ow of tra"f fie towards -ea^h airport to 
an amount idsich can- be" handled- and: landed without excessive delay© On© 
principle which 1ms of ten-=-been- discussed' ±s' t-hat" of" not -giving an air- 
craft a clearance until it- is assured "thatr it will have-aii flvailable 
la-ndiug t'tme at its de-stinationro In its crudest form- this type of flow 

cont-rol would consider only the points 'of - arrival and departure ^ and 

wooM' assume -that- 'the aircfaft would 'Hot suffer -en-route delays such that 

it could mat make its scheduled arrival timso Plans have b^n formulated 
f'®r Alrp-ort " Time gtili^aM-on-Eqifipmeiit^ which will accompi±-gh the neces- 
sary '*-b®ok±ttg®^--a-nd reservation- making tasks© It is fairly -obvious' that 

this type of work t^ould be -carried out rather easily by a computer | es- 
sentially^ however p^ this flow control would be but an inherent part of 
a completely selieduled system© 
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Tlae prolDlem of ajiaking otat a complete aisdadeq^tat* iicfaedtLL* for 

©tber: tjimn b^- a snail 1^^ is of sttff±ei«nt difficulty that 

a hi^-speed €oirrpEiter would be reqirfredo The problem isu^t merely that 

of setting up a slnglie master' schedt2l«| the characteristics qf cofflnercial 
air passenger and freight- -travel^ -private f lyings aisd- military demands 
aip^ srorfi that one coiJid not expect -that it wjoid be poars±bl« t^ create a 

strict sehedttl®- and followito" -Rather -tire schedni-e-iaaking-dat|.es will be 

of si2ch a nat"ore- -that they--ffia:st be: carried •oTit--aimost conti ni ^o uslyy as im- 

schedtiied -aixoraft -fiiefli^st-pla-ss-or-as sehedaled -scircraft devifite suf- 
ficiently from the "S^ediale m^ as to'-reqiiire -^farther ■acttone Because of 
the fa^t that a 'sisreable amomit of traffic does follow a -fa^ly regular 
daily and weirldy-patternj, it ■wDt2id-pruba-biy''be P^^si-hie t© ha-f e a standard 

core - to" th® schedules arouiii -which other-schedules- would b^ -fitted*, As 

noted p all schedules ^ if they are- 'to be effectire- and -mot require a fre- 

qmentrnm^usit ©f -change p 'should -'l^e-isade with sufficient leewaj^ so as to 
be able to take care of sudden c^hanges in weather or small delays dr ad- 
vances -i*i"ch a^craft might encounter en-romt®* 

The initial ■s-cheduiiHg-or-'xeschedul-ing-of aircj^tfl^ is <|Uite 
similar in natur«f ijo inathematical problems of maximizatio® or miiiimiza- 
tioso There are- -certscifi- -boundary- conditions ->- desired- time-' of depa;rt-- 

ure^) roistej) speed- j, etc oj, °='-= a-rai- -t-here--are certain- -restrictionai enforced^ 

chiefly thcs-e of ' saf-e'-separationi' -the- des-ired -result is- a -sched^e which 

is not only saf«p butfSwhich «nta ils- the l-eastaiaouirt -of-' -inconvenience and 

delay for all fli-^jts-<» Of .course-p while the minimization of ' incon'^enienee 

and de-iax-pri'n^ipl« -shoi3a:d be applied to air aircraft collect if ely^ care 
mmst be takesi fo that the' inconvenience and delay for a single aircraft 
does i^-ot -%ecOTo:e exce#siT® © 

The basi© needs of a computer in handling such a problem are 

"fchre e-^f oid'S 

a) a means of prmjps-ing a schedtiie to be tested 

b) a mea-HS -of- -testing 'isuch- a seh^ule for -separation 

c) a means of e^^luating.a schedi|le from the viewpoint 

©f maximum -convenience- and -minimiEM- delay 'o 

Need -c) ihVolTeB the--Bett1;ng--'i^---of-some--s0r^ criteria -by ii^teS^ an 
otherwts* safe sch-eduie-can -be '-evaiua-tedo- For-feis -purpose It might " be 
posMMe to establish some sort of a :merit or demerit ^system ^ich would 

assign certain point vsinfs -for- "deiays^^-namiber of altitude <?hangeSj""amotint 

by ipiich -schedxde -devia-tes from- wishes of -piio-tj, etc<, la-ch proposed 
schedule could be gradedj, and the seheiule with the best'^ade selected 
as -the opttmoffi-o . , 

It would' seem that in:' p-'erforming-''the-'funig%i'oss-'0f pro-posi^ and 
testing a scheduiep a--form"of---fixBd--bi-ock- system, would b^-t-he simplest. 
As already noted 5 -the- determin^ti-on of safe- -separati-ons .iln- such a scheme 
is fairly- -slTKple -- '--f^r "sti^plBr-irfbsh-i^i^ em-- 

pl^ed in Chapter fill »<- and the fixed blocks' readily lend ijhemselves 
t® schemes for altering the various flight plans in an attemjjt t© ©btatia 



Report R-203 

new and better schedules « There are a number of other and legs obvious 
factors which would haf e to be discussed in a detailed consideration of 
the general subject of scheduling and how the probl^mi^at be handled by 
a coiHputerb In particular^ ^©omplete study of the subject would include 
an investigation and critical analysis of ^Jerert what could and would be 
gained by using a compiiteir to find the optimum schedule « Aj^ter all, the 
saving in time and convenience introduc^ed tfarcm^ the use of %h.e schedule 
selected % the con^ter might not be s^i^ificant over a Schedule which 
could be selected by human planners » This consideration wil3r, of course, 
beeomemor^ critical in the ftHjin^o Hnderhear^ traffic eoh^ there 

seems but little doubt that only a iiigh-Bpeeti con^suter capable of tiying 
and testing a number of possibilities would peripit th@ desired efficient 
operation of the systemo 
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APHEKDIX I 
WMrlwlnd Order Code as of Jantjary 1951 

Ac Kotatloms AC ~ AeciMialator, Al = A-legister, BK = B-legister, 
X is the address of a storage register, m is a 
positive integer, k desigaates an external \iait. 

B . Motes on tlae Order Code t 

Effect of operations » Tbs functions of tlie varions orders 
are described "below. It is to "be assiared tlaat AB, AC, BB, and 
tke register whose address is x are Tandist-qrhed nnless the contrary 

is stated o 

Al o AB is primarily a "b^fer register for passing words 
into AC, After orders ©ax, os x^ ad'^x, sn x, sa x, and ao x it 
contains the nmber originally contained in register x. After 
orders cm x, lar x, lah x, and dr x it contains the magnitmde of 
the contents of x» The effect of sp x and op x is stated helow. 
li^ other order changes the contents of AB. 

BR c A number stored in BR always appears as a positive 
magnitude, the sign of thfe nmber "being assinaed t© "be that 
indicated "by the sign digit in AC. fhis convention has no 
effect ®n the logical restilt of the operations involving BB except 
that when BR contains a number that will "be nsed later it is 
necessary t© retain the appropriate sign digit. 

Alarms . If the restalt of am arithmetic csperation exceeds 

the register capacity (ioe<>, if overflow occurs), a smita'ble 
alarm is given except as mentioned in connection with orders 

sa X and si no 

Shift orders .. A multiplication overflow in si is lost 
withomt giving an alam, hmt an overflow frcia roiand-off gives an 
alarm o Orders sr and si only canse ronnd-off , an alarm 
"being given if an overflow ©cciarso The integer n is treated 
modiae 32, ioeo, si 32 s si 0, si 33 ~ si, 1, etc. 

Scale factors . |f all the digits in BE are zero and AC 
contains ^0, the order sf x leaves AC and BB landistnrbed and 
stores the nmber 33 in the last 11 digit positions of 

register x. 
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DIyIsIob . Ii®t u and t "be the ambers in AG aad register x 
wben the order dv x is imB^, If \ul< /r/ the correct qmoticnt is 
©"btaiaed and no o^^rflow can arise. If /m/>/v/ overflow occurs 
and giYes an alarm. If u - v -*- the dv order leaves 16 ones 
in BE and rotmd-off in a smbsetnent si 15 "wonld canse ©verflovr 
and give an alarm. If m ■ v = G a zero quotient is obtained. 

Cheek order o This order cannot he used for anything bmt an 
identity check o It is intended prijaarily for tise in special 
test problems and in spot-checking to assure reliability, 
especially in handling film units » 

Bisplay orders , fhe qk cs^ration sets horizontal deflection 
of all scopes and leaves it set until the next <|li. A new 
vertical deflection ®ust be provided each time a Spot is displayed 
by td or gf o The qtd or qf operations can be used without a gh 
operation by allowing the horizontal deflection to be provided 
by a linear time-base sweep generator in ooe of the display 
scopes^ in which case cen^uted values can be synchronized with 
the sweep by allowing each new sweep to cause the cjeiputer to 
start over at the beginning, fhe tei^orary display orders 
will b® replaced later by using an operation like rf to select 
the device and ©juration t% t© put the number into ito 



Orders ; 



©rder 


Operation 


Function 


lame 


Binary 






Code 




ri — 


road initially 


oodod 


Take words frm. external' unit 
until internal storage is fa] 


rs -•" 


remote uiuit stop 


00001 


Stop external unit 


rf k 


run forward 


©0010 


Prepare to use external unit 


■ 






k in forward direction. 


rb k ■:. 


run backward 


00011 


Prepare to use exterual unit 
k in backward direction. 


rd X 


read 


00100 


Transfer to'^'ic^gister x a Vord 
s^g^lled by^Setemal unit.. 


re X 


record 


©0101 


Arrange for transfer of 
contents of register x to 




J 




external unit» 
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Order 


uperacion 


Ftmction 


Naiie 


Binary 
Code 


qSa^K 


lis^ixis set 


oono 


Transfer contents of AC to 
register x; set the horizontal 
position of all display scope 
beams to correspond to the 
nxmerical vslIxus of the 
contents of AC* 


qd X 


display 
(D-scope 


ooin 


Transfer contents of AC to 
register x; set the -rertical 
position of the heams of the 
display scopes to correspond 
to the niiaerical valt^ of the 
contents df AC; display (by 
intensifying) a spot on the 
face ©1 tne B-display scopes 


tE X 


tEaasfer to 
storage 


oiooo 


Transfer contents of AC to 
register x. 


td X 


traasfer digits 


01001 


Transfer last 11 digits from 
AC to last 11 digit positions 
of register x. 


t&,x 


tisamsfer address 


01010 


Transfer last 11 digits from 
AE to last 11 digit position 
of register X. 


ek X 


eli@ck 


01011 


Stop the conrputer and ring an 
alarm if the contents of register 
X is not identical irith the 
contents of AC; otherwise pro- 
ceed t© next order. 


— 


— - ■■ 


on 01^ 


Unasslgnedo 


^e X 


exeliamge 


onoi 


Exchange the cohteMs of AC 
with the @03Q:t^i^|& of register 
X (original content^ of AC to 
register x, original contents 
of register x to AC). 


ep X 


conditiom pi^o- 
gram 


01110 


If ntasiifer in AC is negative, 
proceed as in sp; if nmber is 
positive disregard the cp order, 
bmt clear the Ai. 
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Order 


Operatioa 




Ifitne 


Binary 
Code 


Fimction 


spx 


stibprogram 


01111 


Take next order from register 
Xo If tlie sp order was at 
address y, store y+1 ia 
last 11 digit positions of M. 


ca X 


clear amd add 


10000 


Clear AC and HR, them piat 
comteats of register x into AC» 
If necessary, add in carry f rom - 
previons sa addition* 


QB C 


clear & subtract 


10001 


Clear AC and BE^ then pmt 
cQBiplement of contents of 
register X into AC» If neces- 
sary, add in carry from previons 
sa addition. 


ad X 


add 


10010 


Add. contents ©f register x to 
contents of AC^ storing result 
in AC» 


Stt X 


.s*a"btract 


10011 


Snbtraet contents of register x 
from contents of AC, storing 
result in AC* 


OB X 


clear amd add 
raagaitude 


10100 


■ 
Clear AC and IE, then p^ 
positive taagnitnde of contents 
of register x into AC* If neces- 
sary add in carry frc® previons 
sa addition « 


sm X 


special add 


10101 


Add contents of register x to 
contents of AC, storing result 
in AC and retaining any over- 
flow for nexfc ca, es, or em 
order Only orders 1 through 
15 may be msed between the sa 
ordjer and ca, cs, or cm orders 
for ."Which the sa is a prep© 
ration o 


ao X 


add OBe 


1011© 


Add the nnmber 1 x 2--^5to the 
contents of register x» Store 
resnlt in AG and in register x. 


qf X 


F -scope 


10111 


Same as operation f d, except 
display a spot on the face of 
the F-display scopes,. 
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©rder 



Op@r8rtl.oxi 



Binary 

Code 



Fimctiom 



mr X 



nh X 



amltlply aad 
r®Ta^d off 



multiply and hdld 



11000 



UOOll 



dV 3£ 



diTide 



11010 



Ul WL 



sMft left 



uon 



BT B. 



Sf X 



sMffe right 



s©ale factor 



11100 



inoi 



Multiply coEt^mts of i«gistez> 
X by coatemts of ACj round off 
±«stalt t© 15 ntiBierical digits 
and store in AC. Clear BR. 

Mmliiply ccmtents ©f register 
3£ by contents pf AC and retain 
the fiall prodmet in AC and the 
first 15 digit positions of BR, 
the last digit position of Bl 
being jdearedo 

Bivide contents of AC by contenis 
©f register x, leading l6 nio&erieal 
digits ©f the t^^tient in ^R and 
+ la AC according to sign of 
the quotient o {Tkm order si 15 
following the dv order will round 
off th^ quotient to 15 n'vaerieal 
digits and store it in AC) 

Multiply the niaaber represented 
by the contents of AC and Bl by 2^. 
lotjnd off the resialt to 15 niaaerieal 

digits and st@3?e it in AC « Bis- 
regard ©t%rfl€s(W caiised by the 
ja^tiplieaticm, bmt not that caiased 
by r®mad«®ff. Clear BR> 

I 
Mialtiply the niaaber represented by 

the contents of AC and Bl by 2'^. 

loiand off the result to 15 n^Berical 

digits and store it in AC. Clear Bl. 



Multiply the n^aitoer represented by 
the contents of AC and BR by 2 suf- 
ficiently often to make the positive 
mgnitiide of the prodmet eqtial t© 
or greater than l/2o Leare the 
final product in AC and Bio Store 
the nimber of multiplications as 
last 11 digits of register x, the 
first 5 digits being ^mdistupbed. 
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Ordsr 


C)|>erati^ 


Ftmetiosa 


Hame 


Biraary 


g.r a 


read/ 


1111© 


Perform tw© logical^ distinct 




shift right 




fu%eti@ais: 

1) Cai3se the Interim tape 
i^ftit reader t© read ©ae 
character f r@m tape into 
digits throTJgh 6 ©f FF 
legister #3o 

2) Shift the ccuntents ©f AG 
and IS t© the right n tijies. 
The sigij digit is shifted 
like amy other digit asad 
zir©s are iiitr®dmced iat© 
the left end. (n© r©iand ©ff ^ 
m© BE clear, n© sign c€aitr©l.) 


<3P a 


pmieh/ 


inn 


Perf ©ra. tw© l©gically distinct 




shift r1#t 




fmctianss 

l) Qams^ the interim paper 
tap® ©mtpiit egiidpnent t© 
ree©r4 ©ae character e©rres- 
sp©)iding t© the c©ntents ©f 
digits 9 thr©^igh 15 ©f B* 




"•. 




legister #t. 
2) Shift right as in (^rati©n 

qr» 
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